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We report the first observation of the charmless hyperonic B decay, B* — AAK™, using a 140 fb~!
data sample recorded at the Y(4S) resonance with the Belle detector at the KEKB e* e~ collider. The
measured branching fraction is B(B* — AAK™) = (2917029 + 0.38) X 107°. We also perform a
search for the related decay mode B* — AA7", but do not find a significant signal. We set a 90%
confidence-level upper limit of B(B™ — AA7") <2.8 X 107°,

DOI: 10.1103/PhysRevLett.93.211801

Charmless hadronic B decays are of great interest since
they provide opportunities for probing CP violation, as
well as for testing our understanding of strong interac-
tions. While charmless mesonic modes were first estab-
lished over ten years ago [1], B decays to charmless
baryonic final states such as ppK* [2], pA7~ [3],
ppK°, ppm*, and ppK** [4] were first seen only re-
cently. The branching ratios for these three-body decays
are larger than those for two-body baryonic modes such
as B — pp, for which only upper limits have been re-
ported [5]. Another intriguing feature is the threshold
peaking behavior commonly observed in the baryon
pair mass spectrum [2—4]. Both features were anticipated
by theory [6], but the underlying dynamics are still far
from understood [7-12].

In this Letter we report the observation of B™ —
AAK™ decay, the first example of a charmless B decay
to a final state containing two hyperons [13]. The rate is
found to be comparable to that of other charmless three-
body baryonic modes. The invariant mass of the AA
system has a prominent near-threshold peak.

With three strange particles in the final state, the
AAK™ mode may complement b — s5s dominated mes-
onic modes such as B — ¢K(*) [14-17], for which the
polarization and CP asymmetry may be sensitive to new
physics. With the three-body final state and self-analyzed
polarization information from the A decay [6,9-11], the
B* — AAK™ process can be used to probe not only CP
violation, but T (time reversal symmetry) violation as
well.

We use a data sample of 140 fb~! integrated luminos-
ity, consisting of 152 X 10° BB pairs with no accompany-
ing particles, collected by the Belle detector at the KEKB
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PACS numbers: 13.25.Hw, 13.60.Rj

asymmetric energy e" e~ (3.5 on 8 GeV) collider [18].
The Belle detector is a large solid angle magnetic spec-
trometer that consists of a three-layer silicon vertex de-
tector (SVD), a 50-layer central drift chamber (CDC), an
array of aerogel threshold Cerenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation
counters (TOF), and an electromagnetic calorimeter com-
prised of CsI(T1) crystals located inside a superconduct-
ing solenoid coil that provides a 1.5 T magnetic field. An
iron flux-return located outside of the coil is instru-
mented to detect K mesons and to identify muons. The
detector is described in detail elsewhere [19].

Since KEKB operates with a center-of-mass energy at
the Y(4S) resonance, which decays into a BB pair, one
can use the following two kinematic variables to identify
the reconstructed B meson candidates: the beam con-

strained mass, My, = ,/Ez.... — p%, and the energy dif-

ference, AE = Ep — Epeqm> Where Epeam, Pp, and Ep
are the beam energy, the momentum, and energy of
the reconstructed B meson in the Y(4S) rest frame,
respectively. The M, resolution of about 3 MeV/c? is
dominated by the beam energy spread. The AE resolu-
tion for B¥ — AAK™ ranges from 12 to 17 MeV, depend-
ingon M ;.

The event selection criteria are based on the informa-
tion obtained from the tracking system (SVD + CDC)
and the hadron identification system (CDC + ACC +
TOF), and are optimized using Monte Carlo (MC) simu-
lated event samples.

All primary charged tracks are required to satisfy track
quality criteria based on the track impact parameters
relative to the interaction point (IP). The deviations
from the IP position are required to be within +0.3 cm
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in the transverse (x-y) plane, and within =3 cm in the z
direction, where the z axis is the opposite of the positron
beam direction.

Primary kaon and pion candidates are selected based
on K/ likelihood functions obtained from the hadron
identification system. To identify kaons/pions, we require
the likelihood ratio Ly, /(Lx + L) to be greater than
0.6. For kaons (pions), this requirement has an efficiency
of 86% (89%) and a pion (kaon) misidentification proba-
bility of 8% (10%). A candidates are reconstructed via the
pm~ decay channel using the method described in
Ref. [5].

The dominant background for the rare decay modes
reported here is from e"e” — gg continuum processes
(where g = u, d, s, c). The background from generic B
decays and known baryonic B decays is negligible. This
is confirmed using an off-resonance data set (10 fb™!)
taken 60 MeV below the Y(4S) and MC samples of
generic B decay, 150 X 10° continuum events and known
baryonic B decays. In the Y(4S) rest frame, continuum
events tend to be jetlike while BB events tend to be
spherical. We follow the scheme defined in [20] that
combines seven shape variables to form a Fisher discrimi-
nant [21] in order to optimize continuum background
suppression. The variables used have almost no correla-
tion with M. and AE. Probability density functions
(PDFs) for the Fisher discriminant and the cosine of the
angle between the B flight direction and the beam direc-
tion in the Y(4S) frame are combined to form the signal
(background) likelihood L. We require the likelihood
ratio R = L/(L, + L) to be greater than 0.4; this
suppresses about 73% of the background while retaining
88% of the signal. The optimal likelihood requirement is
determined by optimizing n,/\/n; + n,, where n, and n,
denote the number of signal and background; here a sig-
nal branching fraction of 4 X 107® is assumed. We also
require only one candidate per event. In the case of
multiple B candidates (about 2.6% of the events), we
choose the candidate with the highest R value. The sig-
nal PDFs are determined from MC simulation; the
background PDFs are obtained from the data side-
band events with 5.2 GeV/c* < M, < 5.26 GeV/c? and
0.1 GeV < |AE| <0.3 GeV.

To ensure that the decay is charmless and to extract
the three-body branching fraction, we exclude the
regions  2.85 GeV/c? <M, ; <3.128 GeV/c*>  and
3.315 GeV/c* < M5 < 3.735 GeV/c* where charmo-
nium decays from J/, 9., ¢/, and x.,, mesons may
contribute.

We perform an unbinned extended maximum likeli-
hood fit to the events with —0.15 GeV < AE < 0.3 GeV
and My, > 5.2 GeV/c? to estimate signal yields. The
extended likelihood function L is
o~ NNy N
Tl_[[NsPs(MbcirAEi)+Nbe(Mbc,-:AEi)]»

i=1

[ =
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where P(P,) is the signal (background) PDF and N, (N,,)
denotes the number of signal (background) candidates.
The signal PDF is the product of a Gaussian function,
which represents M,., and a double Gaussian for AE. The
means and the widths of the signal PDFs are determined
by MC simulation. Differences between data and MC
calculations are corrected by using the B~ — D%z~
and D° — K~ 7" 7~ 7t control sample. The AE mean
is shifted by —3.6 MeV with respect to MC, while the
AFE resolution is 21% wider.

We use the parametrization first suggested by

the ARGUS Collaboration [22], f(M,,)
]Wbc\/1 - (Albc/Ebeam)2 CXP[_f(l - (Mbc/Ebeam)2)]s to
model the background M, distribution and a 2nd order
polynomial for the background AE shape. We perform a
two-dimensional unbinned fit to the A E-M, . distribution,
floating the signal and background normalizations as well
as the background shape parameters.

The M, distribution (with |AE| < 0.05 GeV) and the
AE distribution (with M, > 5.27 GeV/c?) for the region
M,z <2.85GeV/c? (ie., below charmonium threshold)
are shown in Fig. 1 with fit results overlaid. The two-
dimensional unbinned fit gives a signal yield of 22.973%
with a statistical significance of 7.4 standard devia-
tions. The significance is defined as +/—2In(Ly/Lyax)-
where Ly and L, are the likelihood values returned by
the fits with signal yield fixed at zero and floating, re-
spectively [23].

We fit the signal yield in bins of M, ; and the result as a
function of AA mass is shown in Fig. 2. The observed
mass distribution peaks at low A A mass, similar to those
observed in [2—4]. Since the decay is not uniform in
phase space, we calculate the partial branching fraction
for each M, ; bin with the corresponding detection effi-
ciency determined from a large phase space MC sample
and an additional special MC sample with a M, ; peak
near-threshold [24]. The A A invariant mass spectrum for
the events in the BY* — AAK™ signal region (JAE| <
0.05 GeV and M, > 5.27 GeV/c?) with 2.85 GeV/c* <
M,z <3.15GeV/c? is shown in the inset of Fig. 2. A

< ~12
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FIG. 1 (color online). AE and M, distributions of Bt —
AAK* candidates for M,; <2.85 GeV/c?. The solid and
dashed curves represent the fit results and the signal, respec-
tively; the dotted curve shows the background contribution.

211801-3



VOLUME 93, NUMBER 21

PHYSICAL REVIEW

week ending

LETTERS 19 NOVEMBER 2004

)
N
o

JAy

/ (GeV/c?)
S
T

—_

o

o
T

Ne
? |

29 3 31
M,; (Gev/c?)

dN/dM, s (Events
B [} [e ]
o o o
e ————
o

N
o
L

T,

L +3—*—‘—

PRI
2.5 3 5 42 4.5 5
M, (GeV/c?)

o
T

FIG. 2 (color online). Fitted yield divided by bin size for
B* — AAK™ as a function of M, ;. The shaded distribution is
from a phase space MC simulation with the area normalized to
the signal yield. Note that the charmonium veto has been
applied. The inset shows the AA mass spectrum for the 7,
and J/i signal regions.

clear J/i signal is evident. The results of the fits along
with the efficiencies and the partial branching fractions
are given in Table I. We sum the partial branching frac-
tions in Table I to obtain B(BT — AAK™') =
[2.91F525(stat) = 0.38(syst)] X 1076, with a statistical
significance of 5.1 standard deviations.

The systematic uncertainty in particle selection is
studied using high statistics control samples. Kaon/pion
identification is studied with a D** — D%z*, DO —
K~ 7t sample. The tracking efficiency is studied with a
D* sample, using both full and partial reconstruction.
Based on these studies, we assign a total 7.8% error for
the tracking efficiency and 0.6% for kaon/pion
identification.

TABLE L. Results of the AE — M, fit, detection efficiencies
(€), and branching fractions (B) with statistical errors in bins
of M, after the charmonium veto has been applied. The fit
allows the yields to fluctuate negative. Note that the yields are
consistent with zero above charmonium threshold.

M\ 7(GeV) Signal Yield  Efficiency (%) B (107%)
<2.4 18.0+43 4.83 245708
2.4-2.6 3.6%%§ 4.30 0.55+249
2.6-2.85 1.372] 4.04 0.21+234
3.128-3.315 -0.3721 5.19 —0.04+9%7
3.735-4.3 —1.4%54 6.60 —0.1415 14
>4.3 —1.3%43 6.90 —0.12755
Total 19.9%63 2.9178%
211801-4

For A reconstruction we have an additional error on the
efficiency for off-IP track reconstruction, determined
from the difference of A proper time distributions for
data and MC simulation. For the four tracks from the AA
pair this error is 6.1%. By studying the A — p7r~ sample
we assign an error of 1% for each identified proton. There
is also a 1% error for each A mass selection and a 0.7%
error for each A vertex selection [5]. Summing the corre-
lated errors for A and A reconstruction, we obtain a
systematic error of 6.9% for both A’s.

Continuum suppression is studied using a two-body
B~ — D%, D’ — K~ m" o~ or* sample, which is topo-
logically similar to the studied decay due to the peaking
behavior of M , ;. By changing the selection criteria on R
in the interval 0-0.4, the efficiencies of data and MC
differ by 3%.

The systematic uncertainty from fitting is 4.9%, which
is studied by varying the parameters of the signal and
background PDFs by *1¢. The MC statistical uncer-
tainty and modeling with six M, bins contributes a
5.0% error (obtained by changing the M,; bin size).
The error on the total number of BB pairs is determined
to be 0.7%. The error from the subdecay branching frac-
tion of A — p7™ is 0.8% [23].

We sum the correlated errors linearly and then combine
the result with the uncorrelated ones in quadrature. The
total systematic error is 13.0%.

We perform a cross check of the analysis by using the
events that were removed by the charmonium veto. We
measure B(B* — J/#K") by following the same analy-
sis procedure with 3.06 GeV/c* < M, ; < 3.14 GeV/c?.
The signal yield is 11.4739 candidates with a statistical
significance of 7.3 standard deviations. The obtained
product branching fraction is BB — J/¢yK*) X
B/ — AA) = (1.557933) X 107°. By using B(B* —
J/YK"T) = (1.01 +0.05) X 10”3 [23], our measured
branching fraction is B(J/¢ — AA) = (1.541033 =
0.20 = 0.08) X 1073, which is in agreement with the
world average value [23]. The third error comes from
the uncertainty of B(B* — J/yK™).

We also search for the decay mode B* — AA#m*,
which is an example of a b — uiid process with s§ pop-
ping. The background from B* — AAK™ is negligible.
We perform a two-dimensional unbinned likelihood fit to
the AE-M,. distribution using the same analysis proce-
dure. No significant signal is found. The M. and AE
distributions with fit projections are shown in Fig. 3.
We use the fit results to estimate the expected back-
ground, and compare this with the observed number of
events in the signal region in order to set an upper limit
on the yield at the 90% confidence level [25]. The esti-
mated background is 37.5 = 1.0, the number of observed
events is 41, the systematic uncertainty is 15%, which is
also considered in background estimation. The 90%
confidence-level upper limit yield on the yield is 21.7.
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FIG. 3 (color online). AE and M, distributions for BT —
AA7*t candidates. The solid curve is the fit result.

The efficiency, estimated from the phase space MC
calculation, is found to be 5.05%. The 90% confidence-
level upper limit for the branching fraction is
B(BT — AA7T) <2.8 X 107°.

In summary, we have performed a search for the rare
baryonic decays B* — AAK" and AA#" with 152 X
10° BB events. A clear signal is seen in the BY — AAK*
mode, where we measure a branching fraction of B(B* —
AAKT) = (2917990 +0.38) X 107°, which is compa-
rable to B* — ppK™* and B® — pAx~. The observed
M ) ; spectrum peaks toward the threshold as in the above
mentioned modes. This measurement is the first observa-
tion of a B meson decay to a hyperon pair. The B* —
AA7* mode is not statistically significant, and we
set the 90% confidence-level upper limit B(B* —
AATY) < 2.8 X 107°,

We thank the KEKB group for the excellent operation
of the accelerator, the KEK Cryogenics group for the
efficient operation of the solenoid, and the KEK computer
group and the NII for valuable computing and Super-
SINET network support. We acknowledge support from
MEXT and JSPS (Japan); ARC and DEST (Australia);
NSFC (Contract No. 10175071, China); DST (India); the
BK21 program of MOEHRD and the CHEP SRC program
of KOSEF (Korea); KBN (Contract No. 2P03B 01324,
Poland); MIST (Russia); MESS (Slovenia); NSC and
MOE (Taiwan); and DOE (U.S.).

*On leave from Fermi National Accelerator Laboratory,
Batavia, IL.

TOn leave from Nova Gorica Polytechnic, Nova Gorica.

[1] CLEO Collaboration, M. Battle et al., Phys. Rev. Lett. 71,
3922 (1993).

211801-5

(2]
(3]
(4]
(5]

(6]

[71

(8]
(91
[10]
[11]
[12]
[13]

[14]

[19]
[20]

(21]
(22]

(23]

(24]

[25]

Belle Collaboration, K. Abe er al, Phys. Rev. Lett. 88,
181803 (2002).

Belle Collaboration, M.-Z. Wang et al., Phys. Rev. Lett.
90, 201802 (2003).

Belle Collaboration, M.-Z. Wang et al., Phys. Rev. Lett.
92, 131801 (2004).

Belle Collaboration, K. Abe et al, Phys. Rev. D 65,
091103 (2002); BaBar Collaboration, B. Aubert et al.,
Phys. Rev. D 69, 091503 (2004).

W.S. Hou and A. Soni, Phys. Rev. Lett. 86, 4247 (2001);
C.K. Chua, W.S. Hou, and S.Y. Tsai, Phys. Lett. B 528,
233 (2002).

F Piccinini and A.D. Polosa, Phys. Rev. D 65, 097508
(2002); H. Y. Cheng and K. C. Yang, Phys. Lett. B 533, 271
(2002).

H.Y. Cheng and K.C. Yang, Phys. Rev. D 66, 014020
(2002).

C.K. Chua, W.S. Hou, and S.Y. Tsai, Phys. Rev. D 66,
054004 (2002).

M. Suzuki, J. Phys. G 29, B15 (2003).

C.K. Chua and W.S. Hou, Eur. Phys. J. C 29, 27 (2003).
J. L. Rosner, Phys. Rev. D 68, 014004 (2003).
Throughout this report, the inclusion of charge conjugate
mode is always implied unless otherwise stated.

Belle Collaboration, K.-F. Chen ef al., Phys. Rev. Lett. 91,
201801 (2003).

Belle Collaboration, K. Abe et al, Phys. Rev. Lett. 91,
261602 (2003).

BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett.
91, 171802 (2003).

BaBar Collaboration, B. Aubert et al., between data and
MC calculations are corrected hep-ex/0403026.

S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers
included in this volume.

Belle Collaboration, A. Abashian et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002).

Belle Collaboration, K. Abe et al., Phys. Lett. B 517, 309
(2001).

R. A. Fisher, Ann. Eugenics 7, 179 (1936).

ARGUS Collaboration, H. Albrecht et al., Phys. Lett. B
229, 304 (1989).

Particle Data Group, K. Hagiwara et al., Phys. Rev. D 66,
010001 (2002). _

We generated a special BY — AAK* MC sample with
2.23 GeV/c? < M, ; < 2.85 GeV/c?. The efficiency was
obtained using 1.6 X 103 events generated according to
phase space and 5 X 10* events of special MC.

G.J. Feldman and R.D. Cousins, Phys. Rev. D 57,
3873 (1998); J. Conrad, O. Botner, A. Hallgren, and
C. Perez de los Heros, Phys. Rev. D 67, 012002
(2003).

211801-5



