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Observation of B* — ppK*™
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We report the observation of the decay mode B* — p pK~ based on an analysis of 29.4 fb™! of data
collected by the Belle detector at KEKB. This is the first example of a b — s transition with baryons
in the final state. The p p mass spectrum in this decay is inconsistent with phase space and is peaked at
low mass. The branching fraction for this decay is measured to be B(B* — ppK~*) = [4.37(stat) *+
0.5(syst)] X 107°. We also report upper limits for the decays B — ppKg and B* — ppm=.
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We report the results of searches for the decay modes
B* — ppK™ [1] and B — ppKs. These modes are ex-
pected to proceed mainly via b — s penguin diagrams [2].
We also search for B — ppar™ which is expected to oc-
cur primarily via a b — u tree process. Once they are
established, these baryonic modes may be used to either
constrain or observe direct CP violation in B decay [3].

In contrast to charm meson decay, final states with
baryons are allowed in B meson decay. To date, a few
low multiplicity B decay modes with baryons in the fi-
nal state from b — ¢ transitions have been observed [4].
Rare B decays due to charmless » — s and b — u tran-
sitions should also lead to final states with baryons. A
number of searches for such modes have been carried out
by CLEO [5], ARGUS [6], and LEP [7], but only upper
limits were obtained. Stringent upper limits for two-body
modes such as B — pp, B* — Ap, and B — AA have
recently been reported by Belle [8].

We use a 29.4 fb~! data sample, which contains
31.9 X 10° produced BB pairs, collected with the Belle
detector at the KEKB asymmetric-energy e*e™ (3.5 on
8 GeV) collider [9]. KEKB operates at the Y (4S) reso-
nance (/s = 10.58 GeV) with a peak luminosity that
exceeds 5 X 10* cm™2s™!. The Belle detector is a large-
solid-angle magnetic spectrometer that consists of a three-
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PACS numbers: 13.25.Hw, 13.60.Rj

layer silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), a mosaic of aerogel threshold Cerenkov
counters (ACC), time-of-flight scintillation counters
(TOF), and an array of CsI(Tl) crystals (ECL) located
inside a superconducting solenoid coil that provides a
1.5 T magnetic field. An iron flux return located outside of
the coil is instrumented to identify K; and muons (KLM).
The detector is described in detail elsewhere [10].

To avoid bias, the event selections were chosen on the
basis of a Monte Carlo (MC) study before examining the
data. The agreement between data and MC is checked and
included in the systematic error.

We select well measured charged tracks with impact
parameters with respect to the interaction point of less
than 0.3 cm in the radial direction and less than 3 c¢m in
the beam direction (z). These tracks are required to have
pr > 50 MeV/c.

Particle identification likelihoods for each particle hy-
pothesis are calculated by combining information from the
TOF, ACC system with dE /dx measurements in the CDC.
Protons and antiprotons are identified using all particle
ID systems and are required to have proton likelihood ra-
tios [L,/(L, + Lg)andL,/(L, + L,)] greater than 0.6.
Proton candidates that are electronlike according to the in-
formation recorded by the CsI(TI) calorimeter are vetoed.
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This selection is 89% efficient for protons with a 7% kaon
misidentification rate. To identify kaons (pions), we re-
quire the kaon (pion) likelihood ratio to be greater than 0.6.
This requirement is 88% efficient for kaons with a 8.5%
misidentification rate for pions. In addition, we remove
kaon candidates that are consistent with being protons.

For the B — ppKs mode, we select K5 candidates
from 7777~ candidates that lie within the mass window
0.482 GeV/c2 < M(mr7~) < 0514 GeV/c?  (*40).
The distance of closest approach between the two daughter
tracks is required to be less than 2.4 cm. The impact
parameter of each track in the radial direction should have
a magnitude greater than 0.02 cm, and the flight length
should be greater than 0.22 cm. The difference in the angle
between the vertex direction and the Ky flight direction
in the x-y plane is required to satisfy A¢p < 0.03 rad.

To reconstruct signal candidates in the B* — ppK™
mode, we form combinations of a kaon, proton, and anti-
proton that are inconsistent with the following b — c¢s
transitions: BY — J/yK*, J/ — pp; Bt — n.K*,
ne—pp; BT —=¢'K", ¢'—pp; and BT —
Xc[o.1K *, Xc[o,1] — pp. This set of requirements is
referred to as the charm veto [11]. Similar charm vetoes
are applied in the analysis of the other decay modes. In
the case of B® — ppKs, events with pKs or pKs masses
consistent with the A, are rejected [12].

To isolate the signal, we form the beam-constrained
mass, My = \/Epeam — i’fecon, and energy difference
AE = Erecon — Epeam in the Y(4S) center of mass
frame. Here Epeam, Erecon, and Precon are the beam
energy, the reconstructed energy, and the reconstructed
momentum of the signal candidate, respectively. The
signal region for AE is =50 MeV which corresponds
to =50 where o is the resolution determined from a
Gaussian fit to the MC simulation. The signal region
for My is 5.270 GeV/c? < My < 5.290 GeV/c?. The
resolution in beam-constrained mass is 2.8 MeV/c? and
is dominated by the beam energy spread of KEKB.

Several event topology variables provide discrimination
between the large continuum (e*e™ — ¢g, where g =
u,d, s, c) background, which tends to be collimated along
the original quark direction, and more spherical BB events.
We form a likelihood ratio using two variables. Six modi-
fied Fox-Wolfram moments and the cosine of the thrust
angle are combined into a Fisher discriminant [13]. For
signal MC and continuum data, we then form probability
density functions for this Fisher discriminant, and the co-
sine of the B decay angle with respect to the z axis (cosfp).
The signal (background) probability density functions are
multiplied together to form a signal (background) likeli-
hood Lg (Lpg). The likelihood ratio Lg/(Ls + Lpg)
is then required to be greater than 0.6. The event topol-
ogy requirements retain 78% of the signal while removing
87% of the continuum background.

In Fig. 1, we show the AE distribution (with
5.270 GeV/c* < My, < 5.290 GeV/c?) and the beam-
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FIG. 1. (a) AE and (b) My. distributions for B — ppK™
candidates.

constrained mass distribution (with |[AE| < 50 MeV) for
the signal candidates. We fit the AE distribution with
a double Gaussian for signal and a linear background
function with slope determined from the My, side-
band. The mean of the Gaussian is determined from
B > A.pmtm™, A, — pK 7" decays. The fit to
the AE distribution gives a yield of 42.873%% with a
significance of 5.6 standard deviations [14]. In the fit to
the AE distribution, the region with AE < —120 MeV
is excluded to avoid feed-downs from modes such as
B — ppK*. As a consistency check, we fit the My,
distribution to the sum of a signal Gaussian and a back-
ground function with kinematic threshold. The width of
the Gaussian is fixed from MC simulation while the mean
is determined from B* — D%z " data. The shape parame-
ter of the background function is determined from AE
sideband data. In the My, distribution, we observe a signal
of 429754 events. The signal yields and the branching
fractions are determined from fits to the AE distribution
rather than My to minimize possible biases from BB
background which tends to peak in My, but not in AE.

The background in these modes is predominantly due
to continuum events. To check for BB backgrounds that
might peak in the signal region, we used two large BB
MC samples that correspond to an integrated luminosity
that is about twice the size of the data sample. The
estimated background is of the order of one event and no
backgrounds that peak in the AFE signal region were found.
We also examined MC samples of b — ¢ decay modes
with baryons in the final state. We restricted our attention
to low multiplicity decay modes. We generated samples
of B> Afp, B-—> Afpm~, and B~ — A pe 7,
that correspond to an integrated luminosity about a factor
of 10 larger than the data sample used here. The A,
charmed baryon was allowed to decay into all measured
decay modes that contain a proton. Again no peaking
backgrounds were observed.

We also examine the M(pp) mass distributions for
events in the AE, My, signal region. The signal yield as
a function of pp mass is shown in Fig. 2. These yields
were determined by fits to the AE distribution in bins of
pp invariant mass. The distribution from a three-body
phase space MC normalized to the area of the signal is
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FIG. 2. The fitted yield divided by the bin size for B* —
pPK™ as a function of pp mass. The charm veto is applied.
The distribution from nonresonant B¥ — p p K+ MC simulation
is superimposed. The inset shows the p p mass distribution for
the J /K™ signal region.

superimposed. It is clear that the observed mass distri-
bution is not consistent with three-body phase space but
instead is peaked at low pp mass. We also examine the
pK ™~ mass distribution but do not observe any obvious nar-
row structures such as the A(1520).

To avoid model dependence in the determination of the
branching fraction for p pK™*, we fit the AE signal yield
in bins of M(p p) and correct for the detection efficiency
in each bin using a three-body phase space B* — ppK*
MC model. The results of the fits are given in Table I.
We then sum the partial branching fractions in each bin to
obtain

B(B" — ppK™) = [4.37(stat) = 0.5(syst)] X 107°.
For M(pp) < 3.4 GeV/c?, the mass region below the y.
and ¢’ resonances, B(B* — ppK™*) = [4.473(stat) +

TABLE 1. Fit results in bins of M(pp). The detection effi-
ciency (€getect) and the partial branching fraction (B) for each
bin are also listed.

M(pp) (GeV/c?) AE yield €detect B(x107°)
<20 102744 0.33 0.97942
2.0-2.2 7.87%% 0.34 0731933
22-24 11.9748 0.30 1.241048
24-26 55731 0.29 0.61794}
2.6-2.8 33731 0.30 0.3470%2
2.8-34 4633 0.29 050738
3.4-4.0 —1.233 0.27 —0.147532
4.0-48 0333 0.25 0.0410%
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0.5(syst)] X 107® with the charm veto applied. For
M(pp) < 2.8 GeV/c?, the region below charm thresh-
old, we obtain B(BT — ppK*) = [3.9707(stat) =
0.4(syst)] X 107°.

The contributions to the systematic error for the B —
pPK™ mode are the uncertainties due to the tracking ef-
ficiency (6%), particle identification efficiency (8%), and
the modeling of the likelihood ratio cut (2.6%). The par-
ticle identification systematic includes contributions of 3%
for the proton and antiproton and 2% for the charged
kaon. The error in proton/antiproton identification is deter-
mined using A/A samples, while the error in kaon identi-
fication efficiency is obtained from kinematically selected
D** — D% " D% — K~ 7" in the data. The systematic
error due to the modeling of the likelihood ratio cut is de-
termined using BY — D%z ™ events reconstructed in data.
The systematic error in the yield of the AFE fit (3.8%) was
determined by varying the mean and o of the signal and
the shape parameter of the background. The sources of
systematic error are combined in quadrature to obtain the
final systematic error of 11.0%.

For events in the AE, My, signal region we examine the
proton, antiproton, and kaon particle identification likeli-
hood distributions and compare to signal MC simulation.
No discrepancy is observed. We also verify that the ECL
shower width distribution is consistent with MC expecta-
tions for the proton and antiproton candidates. In addition,
we check the branching fraction as the cuts on the proton
and antiproton probabilities and likelihood ratio are varied.
We do not observe any systematic trends beyond statistics.

To verify the analysis procedure and branching fraction
determination, we remove the J /i veto and examine the
decay chain B¥ — J/¢y K™, J/& — pp. A clear signal
of 26.4 = 5.2 events is then observed in the AE spectrum.
We also observe 25.9 = 5.1 events in the My distribu-
tion. The pp invariant mass spectrum for J/yK™* sig-
nal candidates is shown as an inset in Fig. 2. We use
the AE yield and the MC detection efficiency of 0.30
to determine the branching fraction B(B* — J/¢K") =
(13.1 = 2.6) X 107*. This is in good agreement with
the PDG world average, B(B" — J/¢K™) = (10.0 =
1.0) X 10~*[15], which was obtained by experiments that
reconstruct the J /¢ in dilepton modes.

We also examined two related decay modes B’ —
pPKs and B — ppmr™ that may help clarify the inter-
pretation of the signal. Measurement of B — ppKs will
help to determine the role of the spectator quark in b — s
decays with baryons, while observation of B¥ — ppa™
will constrain the ratio of the b — u tree and b — s
penguin diagrams in decays with baryons.

For B — ppKsg, after the application of the charm and
A, vetoes, no significant signal is observed in either the
AE or M, distribution. A fit to the AE distribution gives
6.4133 events. Applying the Feldman-Cousins procedure
[16], we obtain an upper limit of less than 16 events at the
90% confidence level (C.L.). After reducing the detection
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efficiency by the systematic error, we obtain an upper limit
at 90% C.L. of B(B® — ppK®) < 7.2 X 107°.

In the BY — ppw™ mode, after the application of
the charm veto we perform a fit to the AE distribution
that allows for B¥ — ppar™ signal and a reflection from
misidentified B* — ppK™ decays. This fit gives a signal
yield of 16.2f§'_8 events and a significance of 2.10. The
excess in the AFE fit corresponds to a branching fraction
B(B* — ppm*) = (1.9755 = 0.3) X 107° or an upper
limit of B(BY — ppar™) < 3.7 X 107° at 90% C.L.
after taking into account the systematic error.

We have observed a significant signal (5.60) for the
decay B¥ — ppK™. This is the first b — s decay mode
with baryons in the final state. In the future, this mode can
be used to search for direct CP violation [3]. We find that
its p p mass spectrum is inconsistent with phase space and
is peaked toward low mass. This feature is suggestive of
quasi two-body decay. It is also possible that the decay is
a genuine three-body process and that this feature of the
M((pp) spectrum is a baryon form factor effect [17,18].
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