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We report the results of a search for the rare baryonic decay modesB0→LL̄, B1→L̄p, B0→L̄pp2, and

B0→pp̄ ~and their charge conjugate states! using 5.83106 BB̄ pairs collected with the CLEO detector. We
see no statistically significant signals in any of these modes and set 90% confidence level upper limits on their

branching fractions,B(B0→LL̄),3.931026, B(B1→L̄p),2.631026, B(B0→L̄pp2),1.331025, and

B(B0→pp̄),7.031026. @S0556-2821~99!50311-1#

PACS number~s!: 13.25.Hw, 13.20.He, 13.60.Rj, 14.40.Nd
e
s
th

n
im
w

rm

to
are

ro-

ntri-
ical

of

.
ing
the
-

H

a.
Evidence for theb→s quark transition, allowed in the
standard model by the penguin~internal W boson-quark
loop! diagram, has been observed in both electromagn
decays@1,2# and hadronic decays ofB mesons to two meson
@3,4#. CharmlessB meson decays can also arise through
b→u tree process as well as the Cabibbo suppressedb→d
penguin process. These rare decay processes are of co
erable theoretical and experimental interest due to their
portance in probing the Cabibbo-Kobayashi-Maska
~CKM! @5# picture of CP violation within the standard
model.

This Rapid Communication describes a search for cha
less baryonicB decays to the final statesLL̄, L̄p, L̄pp2,

*Permanent address: University of Cincinnati, Cincinnati, O
45221.

†Permanent address: University of Texas, Austin, TX 78712.
‡Permanent address: Yonsei University, Seoul 120-749, Kore
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and pp̄ ~and their charge conjugate states!. The dominant
tree-level and one-loop penguin diagrams contributing
these decays are shown in Fig. 1. The weak processes
similar to the meson decaysB→pp, Kp, andKK. We ex-
pect B1→L̄p and B0→L̄pp2 to be dominated by theb
→s penguin diagram, whileB0→LL̄ and B0→pp̄ should
be dominated by theb→u tree process.W-exchange, anni-
hilation, penguin annihilation, and electroweak penguin p
cesses can also contribute to these decay amplitudes@6#.
However, these diagrams are expected to have small co
butions as compared to those shown in Fig. 1. Theoret
predictions for these modes, scaled for a common value
uVubu50.0033@7#, are given in Table I. Both pole model@8#
and QCD sum rule calculations@9# have been performed
The pole model calculations yield higher predicted branch
fractions for the rare baryonic modes. The search for
three-body final stateL̄pp2 is motivated by the experimen
tal observation thatB(B2→Lc

1p̄p2)/B(B0→Lc
1p̄).1.0
1-2
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~90% C.L.! @10#. We estimate the branching fraction fo
L̄pp2 from the measured branching fraction ofB2

→Lc
1p̄p2, scaling by the appropriate CKM and phase spa

factors. Penguin contributions could lead to significant
hancement over this rough estimate.

The data set used in this analysis was collected with
CLEO II @11# detector at the Cornell Electron Storage Ri
~CESR!. It consists of 5.41 fb21 taken on theY(4S) reso-
nance and 2.79 fb21 taken below theBB̄ production thresh-
old. The on-resonance sample contains 3.3 millionBB̄ pairs
taken before the installation of the silicon vertex detec
@12#, ~CLEO II data set! with the remainder of the 5.8 mil
lion BB̄ pairs taken after the detector upgrade~CLEO II.V
data set!.

The momenta of charged particles are measured in a
layer tracking system operating inside a 1.5 T supercond
ing solenoid. The main drift chamber also provides a m
surement of the specific ionization loss,dE/dx, which is
used for particle identification. Photons are detected by
7800-crystal CsI calorimeter. Muons are identified using p
portional counters placed at various depths in the steel re
yoke of the magnet.

FIG. 1. Tree~a,c,e! and penguin~b,d,f! decay processes whic
are expected to dominate the baryonic decays under considera

TABLE I. Experimental results and theoretical predictions@8,9#.
Branching fraction (B) upper limits at 90% C.L. are given in 1026

units with ~without! systematic errors included. Quoted significan
of the fit result is statistical only.

Mode s Sig. E(%) B TheoryB

LL̄ 0.020.0
10.6 0.0s 14.861.8 ,3.9 (3.4) 0.13

pp̄ 12.124.9
16.0 2.8s 48.862.7 ,7.0 (6.0) 0.6–4.8

L̄p 0.020.0
10.9 0.0s 29.362.8 ,2.6 (2.3) .3

L̄pp2 3.022.9
13.8 1.1s 14.661.7 ,13 (11) .0.5
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Charged tracks are required to pass track quality requ
ments based on the average hit residual and the impac
rameters in both ther -f andr -z planes. Pairs of tracks with
vertices displaced by at least 5 mm from the primary int
action point are taken asL candidates; we note that th
vertex resolution on such candidates is typically of order
mm. We require thepp2 invariant mass to be within
10 MeV/c2 of theL mass. ReconstructedL baryons have a
mass resolution of 1.4 MeV/c2. The impact parameter an
L flight distance requirements nearly eliminate feed-acr

between theLL̄ and L̄pp2 final states.
Charged particles are identified as protons or pions fr

specific ionization (dE/dx) measurements from the drif
chamber. Electrons are rejected based on theirdE/dx and
the ratio of the track momentum to the associated sho
energy in the CsI calorimeter. We reject muons by requir
that the tracks do not penetrate the steel absorber to a d
greater than five nuclear interaction lengths. For thepp̄ final
state, where additional background suppression is neede
requirement on the time-of-flight of the protons and antip
tons is applied that eliminates 40% of pion and 28% of ka
background while retaining 89% of the signal.

We calculate a beam-constrainedB mass MBC

5AEb
22pB

2, wherepB is theB candidate momentum andEb

is the beam energy. TheMBC resolution is about 2.5 MeV/c2

for all modes. We can capitalize on energy conservation
we defineDE5( i(Ei)2Eb , whereEi are the energies o
the daughters that form theB meson candidate. TheDE dis-
tribution is then centered about zero for reconstructedB me-
sons and has a mode-dependent Gaussian width that ra
from 17 MeV ~for L̄pp2) to 25 MeV ~for pp̄). We accept
events with MBC within 5.2–5.3 GeV/c2 and uDEu
,200 MeV. This region includes signal as well as a sid
band used to fix the background normalization.

Backgrounds fromb→c as well as otherb→u and b
→s decays are negligible for the two-body decay mod
since the signal daughter particles are relatively light and
produced with high momentum. This is in contrast to t
dominantB meson decays which typically have a large nu
ber of final state particles with lower momenta. The deca
B0→K1p2 and B0→p1p2 are displaced from zero by
1287 and1330 MeV inDE, respectively, and do not pas
the sidebandDE requirements for thepp̄ final state. Possible
backgrounds fromB decays to pseudoscalar-vector fin
states (B→PV) such asB→rp andB→K* p are found in
simulation studies to contribute at most 464 events topp̄.
The simulations are normalized to 90% C.L. upper limits
B(B→PV) @13#. For the three-body modeL̄pp2, we sup-
press backgrounds fromB meson decays as well as co
tinuum by requiring that thep, p2, and L momentum be
greater than 0.70, 0.75, and 1.0 GeV/c, respectively. The
placement of these cuts was determined by a signal squ
over background optimization. These requirements red
the background from otherB decays to less than 5% of th
total background.

For this analysis, the main background arises fro
e1e2→qq̄ ~where q5u,d,s,c). Such events typically ex-

on.
1-3
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hibit a two-jet structure and produce high momentum ba
to-back tracks. To reduce contamination from these eve
we calculate the angleuT between the thrust axis of th
candidate tracks and the thrust axis of the tracks and sho
in the rest of the event. The distribution of cosuT is strongly
peaked at61 for qq̄ events and is nearly flat forBB̄ events.
For the low background final stateLL̄, we requireucosuTu
,0.95 and for the remaining modes, we requireucosuTu
,0.9. A cut of ucosuTu,0.9 eliminates 66% of continuum
background, while retaining 87% of the signal.

A detailed GEANT-based Monte Carlo~MC! simulation
@14# was used to determine the overall detection efficienc
(E) for each mode as shown in Table I. Efficiencies cont
branching fractions forL→pp2 where applicable. For the
efficiency calculation, we assume that the decayB0

→L̄pp2 proceeds by phase space@15#. Systematic uncer-
tainty in the efficiency determination is estimated from t
spread of efficiencies obtained in Monte Carlo samples se
rately tuned to independent subsets of the data sample; t
errors are also given in Table I.

Additional discrimination between signal an
qq̄ background is provided by a Fisher discriminant tec
nique, described in detail in Ref.@13#. The Fisher discrimi-
nant,F[( i 51

11 a i yi , is a linear combination of 11 variable
(yi) where the coefficients (a i) are chosen to maximize th
separation between signal and background Monte C
samples. The input variables areucosuqu ~the cosine of the
angle between the candidate thrust axis and the beam a!,
ucosuBu ~the cosine of the angle between theB meson mo-
mentum and the beam axis!, and the energy and momentu
contained within nine concentric 10° cones that surround
candidate thrust axis. The sum of energy and momenta f
tracks and showers in the forward and backward cones
combined. The statistical separation between signal and
tinuum background afforded by the Fisher discriminant is
standard deviations (s) after events withucosuTu.0.9 have
been rejected.

To determine the signal yield in each mode we perform
unbinned maximum likelihood~ML ! fit usingDE, MBC, F,
L and L̄ masses~where applicable!, and dE/dx as input
information for each candidate event. Separate fits are
formed for each mode. The likelihood function is defined

L5e2(s1b))
i 51

N

@sPS~xW i !1bPB~xW i !#, ~1!

wheres (b) are the signal~background! yields in the candi-
date sample~of N total events!, PS andPB are the signal and
background probability density functions~PDF!, respec-
tively, and xW i are the appropriate input variables discuss
above. The signal and background yields are varied until
likelihood function is maximized. The probability densi
functionsPS andPB are formed by the product of the best
functional forms for signal and background distributions
each input variable. Signal MC is used to determine
shape of the signal events and off-resonance data is us
determine the background shapes. We use the sum of
11110
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Gaussians to parametrize the signal shapes forDE, MBC,
andL masses. Bifurcated Gaussians~with different low and
high side widths! best describe the signal and backgrou
shapes for the Fisher discriminant and a straight line is u
to parametrize theDE background shape and non-resona
L mass background. When determining the backgroundMBC
distribution@16#, the kinematic endpoint of the off-resonanc
data is matched to the on-resonance data by shifting the m
distribution by 5.290 GeV2Eb .

Systematic errors on the fitted yields are determined
varying the PDFs used in the fit by their measurement err
This variation is performed with a Monte Carlo technique
which the PDF parameters are varied by Gaussian distrib
random numbers. The width of the Gaussian is equal to
measurement error of each parameter. For each variation
data sample is refit. The distribution of the fit yield and upp
limit yield from these MC experiments is fit to a Gaussi
whose width determines the ML fit systematic error. Impo
tant correlations between PDF parameters are accounte
in this technique.

For each of the four rare baryonic decay modes, Tab
shows the signal yield~s! and statistical significance of th
yield as determined from the likelihood function. Since w
see no statistically significant signals in any of the modes,
calculate 90% confidence level upper limit yields (sUL) by
integrating the maximized likelihood function (Lmax) as fol-
lows:

E
0

sUL

Lmax~N!dN

E
0

`

Lmax~N!dN

50.90. ~2!

The upper limit yield is then increased by its systematic er
~from the PDF variation! and the detection efficiency re
duced by its systematic error before we calculate the bran
ing fraction upper limits shown in Table I. Table I also give
the upper limits for each mode before systematic errors h
been included.

Figures 2 and 3 show theMBC and DE projections, re-
spectively, for each of the four modes. To reduce the ba
ground level in the plots, we requireucosuTu,0.8 and apply
a Fisher discriminant requirement, which eliminates roug
80% of the background and retains about 60% of the sig
For the higher background modes (L̄p, L̄pp2, andpp̄), we
requireuDEu,2.5 sDE for events to enter theMBC plot and
uMBC25.28u,2.5 sMBC

for events to enter theDE plot.
Signal efficiency with these stricter requirements is ab
50% of that quoted in Table I while background efficiency
only 1–3 %. Overlaid on these plots are the projections
the PDFs used in the fit, normalized according to the
results multiplied by the efficiency of the additional co
straints. Both signal and signal upper limit yields are illu
trated in the figures.

We have searched for decays ofB mesons to the baryonic
final statesLL̄, L̄p, L̄pp2, andpp̄ ~and charge conjugate
states! in 5.8 million BB̄ pairs collected with the CLEO de
1-4
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tector. We see no statistically significant evidence for sign
in any of these modes and set upper limits on their branch
fractions. The upper limit forB1→L̄p is slightly lower than
the theoretical estimate given in Ref.@9#. We see no evidence
for b→s penguin transitions~recently observed in decays t
meson final states! in B decays to baryonic final states.
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providing us with excellent luminosity and running cond
tions. J.R. Patterson and I.P.J. Shipsey thank the NYI p

FIG. 2. MBC projection plots for~a! B0→LL̄, ~b! B1→L̄p, ~c!

B0→L̄pp2, and ~d! B0→pp̄. The scaled projection of the tota
likelihood fit ~solid curve! and the fit reported upper limit~dotted
curve! are overlaid.
,
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FIG. 3. DE projection plots for~a! B0→LL̄, ~b! B1→L̄p, ~c!

B0→L̄pp2, and ~d! B0→pp̄. The scaled projection of the tota
likelihood fit ~solid curve! and the fit reported upper limit~dotted
curve! are overlaid.
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