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Measurement of exclusiveB decays to final states containing a charmed baryon
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Using data collected by the CLEO detector in theY(4S) region, we report new measurements of the

exclusive decays ofB mesons into final states of the typeLc
1p̄n(p), wheren50,1,2,3. We find signals in

modes with one, two and three pions and an upper limit for the two-body decayLc
1p̄. We also make the first

measurements of exclusive decays ofB mesons toScp̄n(p), wheren50,1,2. We find signals in modes with

one and two pions and an upper limit for the two-body decayScp̄. Measurements of these modes shed light
on the mechanisms involved inB decays to baryons.
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A distinctive feature of theB system is that the large mas
of the b quark allows weak decays of theB mesons to pro-
ceed via the creation of a baryon-antibaryon pair. T
mechanisms for baryon production have been the subjec
several studies in the last decade. The dominant de

mechanism is expected to beb→cūd transitions via internal
or externalW decay. This can lead to final states, including
charm meson as well as a baryon-antibaryon pair, as rece
observed by CLEO@1# and Belle@2#. However, the simples

decay diagrams lead to states of the formB̄→LcN̄X, where

N̄ represents an anti-nucleon. Charge-conjugate proce
are implied throughout this paper. Inclusive studies ofLc

1

production fromB decays indicate a branching fraction
around 5%, and the softLc

1 momentum spectrum indicate
that multi-body decays dominate@3,4#. In 1996, CLEO made
the first exclusive measurements@5# of decays of this type,
and found B(B2→Lc

1p̄p2)5(0.6220.21
10.2360.1160.10)

31023 and B(B̄0→Lc
1p̄p1p2)5(1.3320.42

10.4660.3160.21)
31023. The analysis presented here uses a larger CL
data sample and improved analysis techniques to make
ther measurements of this type, confirming the previous
servations and measuring new modesB2→Lc

1p̄p1p2p2

and B2→Lc
1p̄p2p0. Furthermore, by investigation of th

resonant substructure of these decays, the first exclusive
cays of the formB̄→ScN̄X have been measured. Compa
sons of the branching fractions of these modes give infor
tion on the underlying mechanisms involved.

The data were collected with two detector configuratio
CLEO II @6# and CLEO II.V @7#, at the Cornell Electron
Storage Ring~CESR!. The data comprise 9.17 fb21 taken at
the Y(4S) which corresponds to 9.743106BB̄ pairs, to-
gether with 4.6 fb21 taken in thee1e2 continuum below the
Y(4S) that are used to evaluate possible backgrounds.
assume that the producedB1B2 rate is the same asB0B0 at
the Y(4S).

The signalB meson candidates are fully reconstructed
combining detected photons, protons, and charged kaons
pions. The tracking system consisted of several concen
detectors operating inside a 1.5 T solenoid. For CLEO II,
tracking system consisted of a 6-layer straw tube chamb
10-layer precision drift chamber, and a 51-layer main d
chamber. The main drift chamber also provided a meas
ment of the specific ionization,dE/dx, used for particle
identification. For CLEO II.V, the straw tube chamber w
replaced by a 3-layer, double-sided silicon vertex detec
and the gas in the main drift chamber was changed from
argon-ethane to a helium-propane mixture. In both confi
rations, photons were detected by an electromagnetic c
rimeter consisting of 7800 thallium-doped CsI crystals.

Lc
1 candidates are reconstructed in the mod

pK2p1,pKS
0 andLp1, whereKS

0→p1p2 andL→pp2.
The KS

0 andL candidates are reconstructed from opposit
charged tracks which form a vertex well detached from
main event vertex in the plane transverse to the beam d
tion. The invariant mass of theKS

0(L) candidate is required
to be within 8~3.5! MeV/c2 of the known mass. Neutral pio
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candidates are formed from pairs of showers detected in
calorimeter which yield agg invariant mass within 2 stan
dard deviations of the knownp0 mass. TheL, KS

0 and p0

candidates were then all kinematically constrained to th
known masses.

Particle identification ofp,K2, and p1 candidates was
performed using specific ionization measurements in the d
chamber, and when present, time-of-flight measureme
For each mass hypothesis, a combinedx2 probabilityPi was
formed (i 5p,K,p). Using thesePi ’s, a normalized prob-
ability ratio Li was evaluated, whereLi5Pi /(Pp1PK
1Pp). Real protons haveLp of close to 1.0, whereas track
due to other particles are concentrated nearLp50.0. For a
track to be used as a proton daughter of aLc

1→pK2p1 or
pKS

0 decay, we require it to haveLp.0.9, which eliminates
much of the background but with considerable diminution
efficiency. For kaons we applied a slightly looser and mo
efficient requirement ofLK.0.7. We have chosen these s
lection criteria using a Monte Carlo simulation program
maximize the significance of theLc

1 signals. The candidate
anti-proton which is the direct daughter of theB meson has a
looser requirement ofLp.0.1 as it has a higher momentum
distribution and lower backgrounds than the decay daug
of the Lc

1 . The proton from theL→pp2, and all the pion
candidates, are required to have particle identification par
eters consistent with their hypothesis. Tracks with no part
identification information are assumed to be due to pions

To suppress the continuum background, the normali
Fox-Wolfram second moment@8# is required to be less tha
0.35. The number ofLc

1 candidates from theY(4S) data,
after the contribution from continuum events is accoun
for by a subtraction of scaled continuum data, is 71
6350(121006450) from the CLEO II~CLEO II.V! detector
configurations.

To reconstruct exclusiveB decays we selectLc
1 candi-

dates whose mass is within 2s of the nominal mass. The
mass resolution,s, was calculated for each of the three d
cay modes and two detector configurations separately by
of a GEANT-based Monte Carlo simulation program@9#. We
constrain the mass of theseLc

1 candidates to theLc
1 peak

value using a kinematic fitting program, and combine th
with an anti-proton candidate and a number of pion can
dates. We define the beam-constrained mass asMB

5AEbeam
2 2(S i pi)

2, wherepi is the 3-momentum vector fo
the i th daughter of theB candidate andEbeam is the beam
energy. The resolution inMB is dominated by the spread i
the CESR beam energy and is much better than the res
tion in the invariant mass of the combination.

For each combination, we calculated the energy differe
DE5Emeas2Ebeam, whereEmeas is the measured energy o
the combination. A correctly reconstructedB meson has a
DE distribution with a maximum at 0 GeV. TheDE resolu-
tion, sDE , was calculated for each mode and detector c
figuration separately using the Monte Carlo simulation p
gram, and combinations were required to haveuDEu
,2sDE . A further reduction in background is achieved b
cutting on QB , the polar angle of theB in the laboratory
frame with respect to thee1e2 axis. The distribution of
1-2
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cosQB is proportional to sin2QB for e1e2→Y(4S)→BB̄,
whereas background events are distributed nearly isotr
cally. We requireucosQBu,0.9. If there are multiple candi
dates in an event withMB.5.2 GeV/c2 for a given decay
channel, the entry with the smallest absolute value ofDE is
selected.

TheMB distributions, after all selection criteria have be
applied, are displayed in Fig. 1 for all modes investigat

TABLE I. The results for the yields of each mode. The yield
events for each of the substructures listed is a subset of those i
main modes.

Mode Substructure Total yield Substructure yie

Lc
1p̄ ,8

Lc
1p̄p2 3167

Sc
0p̄ ,5.3

Lc
1p̄p2p1 147615

Sc
0p̄p1 1464

Sc
11p̄p2 2365

Lc1
1 p̄ ,2.3

Lc
1p̄p2p1p2 145617

Sc
0p̄p1p2 1965

Sc
11p̄p2p2 1264

Lc1
1 p̄p2 ,2.3

Lc
1p̄p2p0 89615

Sc
0p̄p0 1364

FIG. 1. Beam-constrained mass distributions for~a! Lc
1p̄, ~b!

Lc
1p̄p2, ~c! Lc

1p̄p2p1, ~d! Lc
1p̄p2p1p2, and~e! Lc

1p̄p2p0.
09110
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Strong signals are found in the modesLc
1p̄p2 and

Lc
1p̄p2p1, confirming the previous observation of the

modes. Signals are also found in the new mod
Lc

1p̄p2p1p2, which has a 13.0s significance,1 and

Lc
1p̄p2p0, which has an 8.2s significance. There is no sta

tistically significant signal in the two-body decayB0

→Lc
1p̄. EachMB distribution is fit to a fixed width Gauss

ian signal function, and a background function of an exp
nential with phase-space threshold suppression. The si
yields from these fits are shown in Table I, where the unc
tainties are statistical only. We have verified that similar d
tributions made withLc

1 sidebands,DE sidebands, or con-
tinuum data show no peaking in theB mass region.

Knowledge of the substructure of the multi-particle fin
states is very important. From a purely practical point
view, the substructure changes the efficiency for detectin
final state. This is particularly true when the intermedia
particles areLc1 and Sc baryons which in turn decay
strongly with low Q2 decays toLc

1 baryons. Furthermore
knowledge of the substructure gives information on the
derlying mechanisms involved.

To search forSc
11→Lc

1p1 andSc
0→Lc

1p2, we require
that the combination has a beam constrained mass w
2sMB

of the B mass peak to select events in which aB

meson decays to aLc
1 . We then combine thisLc

1 with a
charged pion daughter of theB decay and plot the
M (Lc

1p)2M (Lc
1) mass difference~Fig. 2!. We fit these

distributions with a Breit-Wigner function of width define
by the CLEO measurements of theSc widths @10#, convo-
luted with a Gaussian resolution function obtained fro
Monte Carlo studies, together with a polynomial backgrou
function. We find good evidence for bothSc

11 andSc
0 pro-

duction in Lc
1p̄p1p2 and Lc

1p̄p1p2p1, and for Sc
0 in

Lc
1p̄p0p2. All these signals have a statistical significan

greater than 5s. Using analogous plots of those combin
tions in theMB distributions outside theB mass peak, we
find negligible background from trueSc baryons that are no
the daughters of theB decay mode in question. For theSc

0p̄
mode there are two events in the signal region which wo
suggest a branching fraction of the order of 0.2531024. Our
expected background in this mode, which is 0.12 events,
a 0.6% chance of fluctuating to the observed events. We
that this significance is not sufficient to claim to have fou
a signal in this mode and we prefer to present a 90% co
dence level upper limit. There are no events consistent w
the production of Lc1(2593)→Lc

1p1p2 or Lc1(2625)
→Lc

1p1p2 in these decays which allows us to calcula
90% confidence level~CL! upper limits on their production

Table II shows the final results for the efficiencies a
branching fractions for all the modes. The efficiencies

1We define our significance as the probability, expressed in nor
distribution sigma, of our expected background to fluctuate to
signal’s central value. Poisson~Gaussian! statistics are used for ex
pected backgrounds with less~greater! than 30 events.

the
1-3
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calculated by our Monte Carlo simulation program. In th
simulation, theLc

1 decays were generated only into the thr
decay modes reconstructed, using the measured branc
ratios. To convert the quoted efficiencies to efficienci
which include the branching fractions of these modes, t
need to be multiplied by the absolute branching fraction
Lc

1→pK2p1 of 5.061.3% @11#. The yield from theSc

decay modes has been subtracted from the non-reso
yields so that the resonant and non-resonant component
have different efficiency corrections applied.

Table II includes systematic uncertainties. Major contrib
tors to these are uncertainties due to fitting techniques,
uncertainties due to the efficiency calculation. We take
fitting technique uncertainty as the maximum difference
tained from different fitting methods. These techniques
cluded using a scaledMB distribution fromDE sidebands for
the background function, and fitting theDE distribution di-
rectly having first selected theB mass in theMB distribution.
The uncertainties from this source are 5–17 %, depend
upon the mode. The uncertainty in the efficiency calculat
is 5–8 % due to uncertainties in the detection of the char
and neutral particles. In addition, there is a difference
efficiency due to possible substructure such asLc* , Sc* ,r
andD intermediate states. These all give a slightly reduc
efficiency and thus give an asymmetric systematic unc
tainty. The systematic uncertainty due to the uncertainty

FIG. 2. M (Lc
1p)-M (Lc

1) mass differences for combination
within 2s of the B peak in theM (B) distribution. ~a! M (Lc

1p2)

2M (Lc
1) within Lc

1p̄p2, ~b! M (Lc
1p2)2M (Lc

1) within

Lc
1p̄p2p1, ~c! M (Lc

1p1)2M (Lc
1) within Lc

1p̄p2p1, ~d!

M (Lc
1p2)2M (Lc

1) within Lc
1p̄p2p1p2, ~e! M (Lc

1p1)

2M (Lc
1) within Lc

1p̄p2p1p2, and ~f! M (Lc
1p2)2M (Lc

1)

within Lc
1p̄p2p0.
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the Lc
1→pK2p1 branching fraction is expressed as a th

uncertainty.
Our limit on the branching fraction of the two-body deca

B0→Lc
1p̄ is 0.931024 at the 90% confidence level. This i

tighter than the previous CLEO limit of 2.031024. A recent
theoretical treatment by Cheng and Yang@12# using a bag
model predicts a branching fraction of this order, where
older theoretical predictions@13# predicted larger number
by a factor of at least 4 over our experimental limit. O
measurement of the three-body branching fractionB2

→Lc
1p̄p2 and B0→Lc

1p̄p2p1 are both consistent with
and much more precise than, the previous measurem
The three three-body decaysB0→Sc

11p̄p2, B0→Sc
0p̄p1

andB2→Sc
0p̄p0 have essentially identical phase-space,

only theSc
11 decay can proceed via both external and int

nal W decay diagrams, whereas theSc
0 decays can only pro-

ceed via an internalW. We find the rate of all three decays t
be of the same order. This implies that the externalW decay
diagram does not dominate over the internalW decay dia-
gram, although naively we would expect the latter to be co
suppressed.

In conclusion, we have measured branching fractions oB

mesons into the decay modesLc
1p̄p2, Lc

1p̄p2p1,

Lc
1p̄p2p1p2, andLc

1p̄p2p0. The first two of these con-
firm, with greater precision, the previous measurements.
latter two are the first observations of these decay modes
find a limit on the two-body decayB0→Lc

1p̄, which dis-
criminates between theoretical models. We make the
measurements of exclusive states that includeSc

11 or Sc
0

baryons. Our measurements indicate that externalW diagram

TABLE II. The efficiencies and branching fractions or 90% C.
upper limits for each mode. The second error in the branching f
tion is due to all systematic uncertanties except for the uncerta
due to the measurement of theLc

1→pK2p1 branching fraction,
which is kept separate and appears as a third uncertainty. All
tematic uncertainties have been included in the upper limits.

Mode Efficiency~%! B (1024)

Previous
result

(1024) @5#

Lc
1p̄ 14.9 ,0.9 ,2.1

Lc
1p̄p2 15.8 2.460.620.17

10.1960.6 663

Sc
0p̄ 10.0 ,0.8

Lc
1p̄p2p1 12.7 16.761.921.6

11.964.3 1366

Sc
0p̄p1 8.0 2.260.660.460.6

Sc
11p̄p2 7.8 3.760.860.761.0

Lc1
1 p̄ 3.2 ,1.1

Lc
1p̄p2p1p2 9.3 22.562.521.9

12.465.8 ,15

Sc
0p̄p1p2 5.4 4.461.260.561.1

Sc
11p̄p2p2 5.3 2.860.960.560.7

Lc1
1 p̄p2 1.9 ,1.9

Lc
1p̄p2p0 6.8 18.162.921.6

12.264.7 ,31

Sc
0p̄p0 3.8 4.261.360.461.1
1-4
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decays do not dominate over the competing internalW dia-
gram decays in Cabibbo-favored baryonicB decays.
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