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Observation of Inclusive B Decays to the Charmed Baryons X++ and Xt
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Using data collected in the region of the Y(4S) resonance with the CLEO II detector operating at the
Cornell Electron Storage Ring, we report on evidence for the production of X++ and Xo baryons in 8
decays, with X, A,+m. This observation is based on 77 ~ 19 g,++ and 76 ~ 21 Xo candidates from
B decays. We find the product branching fractions 9(B~ X,X)B(A+ pK m. +) for X,. = X++, Xo,

and X,+ to be (2.1 ~ 0.8 ~ 0.7) x 10 4 (2.3 ~ 0.8 ~ 0.7) x 10 4, and less than 4.8 x 10 4 at 90%
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confidence level, respective1y. A study of the X++ aud Xo momentum spectra indicates that B decays
to two-body final states with X, are suppressed.

PACS numbers: 13.25.Hw

Both the CLEO [1]and ARGUS [2] collaborations have
previously reported on the observation of the charmed
baryons X,++ and Xo in nonresonant e+e interactions at
center-of-mass energies around 10.5 GeV [3]. Here, we
report on evidence for X++ and Xo production in B de-
cays. Examination of the X,++ and Xo momentum spectra
allows us to draw conclusions about the production mech-
anism for chartned baryons in B decays. Two-body B

decades
involving X++ can only proceed via W exchange

in B ~ X++A . In the case of Xo production, how-

ever, internal W-emission and W-exchange diagrams can
give rise to two-body final states which result in a hard

Xt momentum spectrum. External W emission on the
other hand involves at least three particles in the final

state and results in a softer momentum spectrum for X,
baryons (Xu X+, or X,++). Several theoretical calcula-
tions which attempt to derive the two-body contribution
to the charmed baryon production in B decays have re-
cently been published. In the diquark model [4] baryons
of spin 2 (2) are modeled as bound states of quarks and

1 3

scalar (vector) diquarks. The b quark decays to a scalar
diquark and an antiquark; the latter combines with the
light antiquark accompanying the b quark to form an an-

tidiquark. The creation of a qq pair then leads to a baryon
and antibaryon in the final state. The authors of [5] cal-
culate decay amplitudes based on QCD sum rules and by
replacing both the B meson and the charmed baryon in
the final state by suitable interpolating currents. In the
pole model [6] the production of baryons in B decays,
B St92, is decomposed into two steps: the production
of an intermediate state in the strong process B Sb 92,
with 92 being the accompanying baryon, followed by a
weak transition of the b flavored interm-ediate baryon Sb
to the baryon 9~. The calculations are carried out in the
rest frame of Bb. There are also treatments which deter-
mine the rates for exclusive baryonic B decays in terms
of three reduced matrix elements [7], on the basis of
the quark-diagram scheme [8], and using the constituent
quark model [9]. The latter three do not quote explicit
predictions on branching fractions.

The data sample used in this analysis consists of
895 pb ' taken at the Y(4S) resonance and 405 pb ' at
center-of-mass energies just below the threshold for pro-
ducing B meson pairs, hereafter referred to as continuum.
These data correspond to 935000 +. 17000 produced BB
pairs, where we assumed that Y(4$) always decays to BB.
The data were collected with the CLEO II detector at
the Cornell Electron Storage Ring (CESR). The CLEO
II detector is a general purpose solenoidal-magnet spec-
trometer and calorimeter with excellent charged particle
and shower energy detection capabilities. A detailed de-

scription can be found elsewhere [10]. Events with at
least 3 charged tracks, 1.5 GeV of energy deposited in the
calorimeter, and a vertex along the beam direction within
5 cm of the interaction point are accepted as hadronic
event candidates. Hadronic events selected from contin-
uum data are used as a background sample.

The X,++ and Xo baryons are reconstructed through
their decay to A+a+ and A+a. , respectively. We form

A,+ candidates in the decay modes pK m+, pKs, Am. +,
and Xom+ with Ks n. +n. , A pm, and Xu Ay.

Primary tracks from the A+ decay are required to have
impact parameters within 3 standard deviations (cr) of the
expected values, both along the beam line and in the plane
perpendicular to the beam direction. We reconstruct Kz
and A candidates from oppositely charged tracks which
intersect in the plane transverse to the beam direction.
In addition, the combined momentum vector of the two
charged tracks is required to point back to the interaction
region in three dimensions. A pair of charged tracks is
identified as a Ks(A) candidate if the invariant mass of
the pair when interpreted as a n+m (pm. ) is within
3o. of the nominal Ks (A) mass. If the mass of the

Kz (A) candidate, when interpreted as a pm. (m+n. ),
falls within the A (Ks) mass region, we reject it. We form
Xo candidates by combining A candidates as described
above with photon candidates. All Ay combinations with
an invariant mass within 2o. of the nominal Xo mass are
accepted as Xo candidates. The selection of Ks, A, and Xo

candidates is described in more detail in Refs. [11—13].
For the purpose of particle identification, we combine

the dE/dx measurements in the central CLEO II drift
chamber with time-of-flight information whenever it is
available, and derive probabilities for each charged track
to be consistent with either the pion, kaon, or proton mass
hypothesis. We apply particle identification requirements
to all primary charged tracks from the A+ decay and to
proton candidate tracks from the A decay. A primary
charged track is defined to be a proton (kaon) if the
probability for the specific mass hypothesis is greater
than 5% and, at the same time, the probability for
the pion hypothesis is less than 5% (32%) [14]. For
the identification of charged pions from the primary
vertex and proton candidate tracks from A' s, we require
the probability for the appropriate hypothesis to be
greater than 0.3% [15]. The efficiencies of the particle
ident&fication requirements are derived from the data using
pure samples of protons, kaons, and pions from the decays
A ~ p m. , D*+ ~ D m. + with D ~ K m. +, and Kg ~
m+ m, respectively.

Since A,+ baryons which originate from B decays
to X, are kinematically limited to momenta less than
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2. 1 GeV/c, we only consider combinations with momenta
below this value. To reduce contributions from the jetlike
continuum production of A,+ baryons, we require the
event shape [16] parameter R2 to be less than 0.35. This
requirement is approximately (93—98)% efficient for 8
A,+X and 8 ~ X,X events, depending on the multiplicity
of the final states. Combining the results of separate fits
to the invariant mass distributions from the four A,+ decay
modes, we observe 1775 ~ 84 A,+ baryons in the Y(4S)
data and 190 ~ 37 on the continuum. After subtracting
the continuum contribution, corrected for luminosity and
center-of-mass energy [17],we obtain a sample of 1359 ~
117 observed A,+ candidates from 8 meson decays.

To reconstruct X,++ and Xo candidates, we consider
A,+ candidates as described above with masses falling
within 2o. of the fitted A,+ mass. We then form A+m+
and A,+m. combinations using the remaining charged
tracks in the event. The momenta of X, baryons from
8 decays are limited to values less than 2.2 GeV/c. We
therefore impose this upper limit on the X, candidates
found in the data. The sample of pions from the decay
X, A,+ n is restricted to the momentum region from 50
to 250 MeV/c. The lower limit is given by the threshold
for charged particle tracking in the CLEO II detector. The
upper limit is 98% efficient for secondary pions produced
in two-body 8 decays to X, and accepts all secondary
pions from 8 X,X decays of higher multiplicity. We
require the impact parameters of these low momentum
tracks to be within 2o. of the interaction point, where o. is
determined from a sample of data D*+ D m-+ decays.
This requirement applies to both the impact parameter
along the beam direction and as measured in the plane
perpendicular to the beam line.

In Figs. 1(a) and l(b), we show the distributions for
the mass differences AM++ = M(A,+m+) —M(A+) and
b, Mo = M(A,+m. ) —M(A,+), respectively. The observed
excesses in Y(4S) data (solid squares) versus contin-
uum data (histograms) serve as evidence for X,++ and

X, production in 8 decays. Similar distributions derived
from the A+ sidebands show no enhancement around the
X, —A, mass difference. The distributions in Figs. 1(a)
and 1(b) are fitted to a Gaussian signal with width de-
rived from Monte Carlo simulation and a background
shape of the form ax + bx' + cx . These fits give
89 4- 15 X,++ and 88 + 17 Xo candidates observed in the
on-resonance data and 12 + 11 X++ and 12 + 13 Xo can-
didates in the scaled continuum data. After subtracting
the continuum contribution, we obtain 77 ~ 19 X,++ and
76 ~ 21 Xo candidates from 8 meson decays.

To obtain the momentum spectra of X,++ and Xo

baryons in B meson decays, we divide the momentum
range accessible to these particles (0 to 2.2 GeV/c) into
four intervals. In each momentum interval we derive the
raw X++ and Xo yields separately for the on-resonance
and scaled continuum data. These yields are determined
using the A,+ decay mode pEC m+ only, which accounts
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for 70% of our total A,+ sample. Adding the other A,+.

decay modes would increase the systematic errors on our
final results with only marginal improvement in statistical
significance. The raw yields y„(p) from 8 decays as well
as the yields y, (p) corrected for the X,++ and Xo recon-
struction efficiency are listed in Tables 1 and II. From
Monte Carlo simulation, we find the X,++ and Xo recon-
struction efficiencies to vary between 10% and 13% in the
momentum region 0 to 2.2 GeV/c. Using the fact that

X, baryons always decay to A, m, we derive the product
branching fractions 'B(B X,++X)$(A+ pK ~+) =
(2.1 ~ 0.8 ~ 0.7) X 10 4 and 9(B~ XOX)g(A+
p& ~+) = (2.3 ~ 0.8 ~ 0.7) x 10 [18]. Our ear-
lier measurement of A,+ production in B meson decays
[12] yielded the product branching fraction 9(8

TABLE I. Inclusive X, production in 8 decays.

Ap
(GeV/c)

0.0—0.5
0.5—1.0
1.0—1.5
1.5-2.2
0.0—2.2

Raw yield
Ay, (p)

10.4 ~ 6.3
26.7 ~ 8.8
12.2 ~ 7.9

—5.1 ~ 8.3

44.2 ~ 15

Corr. yield
Ay, (p)

80 ~ 49
248 ~ 82
118 ~ 76

—46~ 74

400 ~ 143

(1/&a)(4 /~p)
[10 '(GeV/c) ']

0.085 ~ 0.052
0.265 ~ 0.088
0.126 ~ 0.082

—0.035 + 0.057

1 I I I I I I

O. I50 0.200
(A~ vr )-A~ Moss Dif ference (GeVI'c )

+ + 2

FIG. 1. The mass difference distributions {a) AM
M(A; m ) —M(A,+) and (b) AM = M(A; m ) —M(A;),
derived from Y(4S) data (solid squares) and from scaled
continuum data (histograms). The contributions from all four
A,+ decay modes are included and all selection criteria for X,.

production in B decays are applied. The solid line represents a
fit to the Y(4S) data as described in the text.
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TABLE II. Inclusive X, production in B decays.

hp
(GeV/c)

0.0- 0.5
0.5—1.0
1.0—1.5
1.5-2.2
0.0—2.2

Raw yield
dy, (p)

6.0 ~ 5.7
16.3 ~ 9.4
23.6 8.7
—0.1 9.2
45.8 ~ 16.8

Corr. yield
~y. (p)

46+ 44
151 ~ 88
228 + 84
—1+ 82

424 ~ 153

(1/Np)(dy, /d p)
[10 3(GeV/c) ']

0.049 ~ 0.047
0.162 ~ 0.094
0.244 0.090

—0.001 0.063

I~
CP)
0

+
I

CL

Ji

pp (a) m=l
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~ ~
~ ~ ~

/' r gr'
/ r
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~ ~

m=0

0.O —t b~ 3 m=2

A,+X)$(A,+ ~ pK n+) = (27 4- 5 ~ 4) x 10 4. We
therefore find that X,++ and Xo production each account
for roughly 8% of inclusive A,+ production in B meson
decays. Assuming 9(A,+ pK m+) = (3.2 4- 0.7)%
[19], we estimate the absolute branching fractions
9(B~ X++X) = (0.67 ~ 0.24 ~ 0.21 + 0.15)% and
3(B X X) = (0.71 + 0.26 + 0.22 + 0.16)%. In all
our results the first error is statistical, the second is sys-
tematic, and the third error is due to the uncertainty in

9(A,+ ~ pK n. +). The systematic error in our measure-
ment is dominated by uncertainties in the modeling of
low momentum charged tracking efficiencies which range
from 6% to 30%, depending on track momentum. Ad-
ditional contributions to the systematic error result from
uncertainties in the A, detection efficiency, the fitting
procedure used in deriving the X,++ and Xo momentum
spectra, and the momentum spectrum for low momentum
pions from X, decay. Each of these latter contributions
is of the order of 10% or less.

The measured X,++ and Xo momentum spectra are
shown as data points with error bars in Figs. 2(a) and

2(b), respectively. Superimposed on the measured spectra
are the results from Monte Carlo simulation of the decays
8 ~ X,N(mn. ) for m = 0, . . . , 3. In the simulation N
denotes a proton or neutron. If p or n were to be
replaced by a h(1232), the simulated curves would shift
by roughly 100 MeV/c towards lower values. The above
comparison indicates that two-body final states such as
XON are suppressed and that 8 decays to the charmed
baryons X,++ and Xo seem to be dominated by final states
with two or more pions. Assuming that all contributions
to the highest X++ and Xo momentum intervals observed
in data arise from two-body final states of the form B
X,++5 and 8 XON, we find that at 90% confidence
level (C.L.) these final states contribute to less than 25%
and 33% of the inclusive X,++ and Xo branching fractions,
respectively.

We have also searched for inclusive B decays to the
charmed baryon X,+, using A,+ candidates combined with
m. 's in the event. The m- candidates are formed from two
showers occurring in the calorimeter which yield a yy
invariant mass within 2' of the nominal m. mass. The m

momentum is required to be between 50 and 250 MeV/c.
Because of large backgrounds from low momentum m. 's
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FIG. 2. Momentum spectra of (a) X++ and (b) Xo baryons
produced in B meson decays. The superimposed curves
indicate the spectra derived from Monte Carlo simulation of the
decays B X,N(mm) for m = 0, . . . , 3 and N denoting p or n.
For the case m = 0 the normalization is arbitrary. All other
curves have been normalized to data. Replacing the nucleon N
by a A(1232) baryon would shift the Monte Carlo momentum
spectra by roughly 100 MeV/c towards lower values.

we are only able to quote an upper limit on X+ production
in 8 meson decays and find that 9(8 X,+X)9(A,+ ~
pK m'+) ( 4.8 x 10 ' (at 90% C.L.).

In summary, we have observed evidence for the in-
clusive production of the charined baryons X,++ and Xo

in 8 decays through their decays to A+a. and A,+n.
respectively. We have further measured the X++ and
Xo momentum spectra in 8 meson decays for the first
time and find the product branching fractions 9(B~
X,X)$(A+ ~ pK n+) for X, = X++, Xo and X,+ tobe
(2.1 ~ 0.8 ~ 0.7) x 10, (2.3 ~ 0.8 ~ 0.7) x 10 4, and
less than 4.8 x 10 4 (at 90% C.L.), respectively. The
shape of the observed momentum spectra indicates that
8 decays to two-body final states with X, are sup-
pressed. A similar observation has been made in the
case of 8 decays to the charined baryon A,+ [12]. Us-

ing $(A,+ pK n+) = 3.2%, we find that B(B
X++5 ) & 0.17% and 9(B XON) & 0.23% (both at
90% C.L.). This is consistent with recent theoretical cal-
culations [4,5) which result in branching fractions for the
processes 8 ~ X,N or 8 ~ A,+N of order (0.1 —0.3)%.
But it is significantly lower than the prediction in the pole
model by Jarfi et al. [6] for 8 ~ Xop.
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