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Measurement of the branching fractions forB\vK and B\vp
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P. Krokovny,1 Y.-J. Kwon,47 G. Leder,9 S. H. Lee,32 T. Lesiak,23 J. Li,31 A. Limosani,18 S.-W. Lin,22 D. Liventsev,10

J. MacNaughton,9 G. Majumder,35 F. Mandl,9 T. Matsumoto,41 W. Mitaroff,9 K. Miyabayashi,20 H. Miyata,25 D. Mohapatra,45

G. R. Moloney,18 T. Mori,40 T. Nagamine,38 Y. Nagasaka,7 E. Nakano,26 M. Nakao,6 Z. Natkaniec,23 S. Nishida,6

O. Nitoh,42 S. Ogawa,36 T. Ohshima,19 T. Okabe,19 S. Okuno,12 S. L. Olsen,5 W. Ostrowicz,23 H. Ozaki,6 H. Palka,23

C. W. Park,13 H. Park,14 N. Parslow,34 L. E. Piilonen,45 A. Poluektov,1 M. Rozanska,23 H. Sagawa,6 Y. Sakai,6 O. Schneider,15

J. Schu¨mann,22 S. Semenov,10 K. Senyo,19 V. Sidorov,1 J. B. Singh,28 N. Soni,28 R. Stamen,6 S. Stanicˇ,44,† M. Starič,11
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We report improved measurements of branching fractions for charmless hadronic two-bodyB meson decays
containing anv meson in the final state. The results are based on a data sample of 78 fb21 collected on the
Y(4S) resonance by the Belle detector. We measure the branching fractionsB(B1→vK1)5(6.521.2

11.360.6)
31026 and B(B1→vp1)5(5.721.3

11.460.6)31026. We give 90% confidence upper limits forB(B0→vK0)
,7.631026 and B(B0→vp0),1.931026. We also obtain the partial rate asymmetriesACP50.0620.18

10.21

60.01 forB6→vK6 andACP50.5020.20
10.2360.02 forB6→vp6.

DOI: 10.1103/PhysRevD.70.012001 PACS number~s!: 13.25.Hw, 14.40.Nd
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I. INTRODUCTION

Charmless hadronicB decays play an important role i
the understanding ofCP violation in the B system. These
decays proceed primarily through interferingb→s loop pen-
guin diagrams andb→u tree spectator diagrams. Studies
B→vh, whereh denotesK1, p1, K0, andp0, are impor-
tant examples of such decays. Charge conjugates are im
unless otherwise stated. We also assume equal productio
B1B2 andB0B̄0 pairs from theY(4S).

Table I lists the branching fractions from previous me
surements@1–5#, which indicate some discrepancies forB1

→vK1. Naive factorization and QCD factorization ap
proaches@6,7# yield values ofB(B1→vp1) consistent with
the experimental results. However, these approaches pr
B(B1→vp1) to be a factor of two larger thanB(B1

→vK1), which is not supported by Belle’s previous expe
mental results that were based on a 29.4 fb21 data sample
@5#. In this paper, we update our previous measurement
vK1 andvp1 with a 78.1 fb21 data sample. We also repo
measurements ofvK0 andvp0 decay modes.

II. APPARATUS AND DATA SET

The data sample used was collected with the Belle de
tor at the KEKB asymmetric energye1e2 collider @8#,
which collides 8.0 GeVe2 and 3.5 GeVe1 beams at a smal
crossing angle (611 mrad). The data sample contain
85.03106 BB̄ pairs produced at theY(4S) resonance. A
8.8 fb21 data sample taken at a center-of-mass energy
MeV below theY(4S) is used to characterize continuu
background. In order to establish the event selection crite
we use a Monte Carlo~MC! generator@9# to generate signal

*On leave from Fermi National Accelerator Laboratory, Batav
Illinois 60510, USA.

†On leave from Nova Gorica Polytechnic, Nova Gorica.
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generic b→c, and other charmless rareB decays. The
GEANT3 package@10# is used for detector simulation.

The Belle detector measures charged particles and p
tons with high efficiency and precision@11#. Charged particle
tracking is provided by a silicon vertex detector~SVD! and a
central drift chamber~CDC! that surround the interaction
region. The charged particle acceptance covers the labora
polar angle region betweenu517° and 150°. Charged had
rons are distinguished by combining the responses from
array of silica aerogel Cˇ erenkov counters~ACC!, a barrel-
like array of 128 time-of-flight scintillation counters~TOF!,
and dE/dx measurements in the CDC. The combined
sponse providesK/p separation of at least 2.5s for labora-
tory momentum up to 3.5 GeV/c. Electromagnetic shower
are detected in an array of 8736 CsI~Tl! crystals~ECL! lo-
cated inside the magnetic volume, which covers the sa
solid angle as the charged particle tracking system. The m
net return yoke consists of alternating layers of resistive p
counters and 4.7 cm thick steel plates for detectingKL

0’s and
identifying muons.

III. EVENT SELECTION

Hadronic events are selected using criteria based on
charged track multiplicity and total visible energy sum; t
efficiency is greater than 99% for genericBB̄ events@12#.
All primary charged tracks must satisfy quality requireme
based on their impact parameters relative to the r
dependent interaction point~IP!. The deviation from the IP
position is required to be within61.5 cm in the transverse
direction and62 cm in the longitudinal direction. Charge

,

TABLE I. Measurements of branching fractions forB1

→vK1 and B1→vp1 from CLEO, BaBar and Belle. The unit
are 1026.

Mode CLEO@2# BaBar @4# Belle @5#

vK1 3.221.9
12.460.8 5.560.960.5 9.222.3

12.661.0
vp1 11.322.9

13.361.4 4.860.860.4 4.221.8
12.060.5
1-2
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particle identification is based on the ratio KID5LK /(Lp

1LK), whereLK and Lp are likelihoods forK and p hy-
potheses. A higher value of KID indicates a more kaon-l
particle.p0 meson candidates are reconstructed from pair
photons, each consisting of energy clusters greater tha
MeV, with gg invariant mass within 3s (s55.4 MeV/c2)
of thep0 mass.KS

0 meson candidates are reconstructed us
pairs of oppositely charged particles that have an invar
mass in the range 480 MeV/c2,m(p1p2),516 MeV/c2.
The vertex of theKS

0 candidate is required to be well reco
structed and displaced from the interaction point, and theKS

0

momentum direction must be consistent with theKS
0 flight

direction. Candidatev→p1p2p0 decays are reconstructe
from charged pions with KID,0.9 andp0s with center-of-
mass frame momentum greater than 0.35 GeV/c. Thev me-
son candidates are required to have an invariant mass w
630 MeV/c2 of the nominal value (62s).

IV. B RECONSTRUCTION

B meson candidates are formed by combining anv meson
with either a kaon (K1,K0) or a pion (p1,p0). We require
KID .0.6 and KID ,0.4 for K1 and p1, respectively.
Studies fromD* 1→D0p1(D0→K2p1) decays give par-
ticle identification efficiencies,eK585% andep589% with
misidentification rates,f p58% andf K511%, respectively.

B meson candidates are then identified using the be
constrained massMbc5A(Ebeam

CM )22uPB
CMu2 and the energy

differenceDE5EB
CM2Ebeam

CM , whereEbeam
CM 55.29 GeV, and

PB
CM , EB

CM are the momentum and energy of theB candidate
in theY(4S) rest frame. For theDE calculation, the kaon in
candidateB1→vK1 decays is assigned a pion mass so t
vK1 and vp1 can be fit simultaneously. For events wi
multiple candidates, the best candidate is selected using
quality of theB vertex fit. According to signal MC, the reso
lutions for Mbc andDE are 3 MeV/c2 and 24 MeV respec-
tively for B→vK1, vp1 and vK0 decays. For the deca
B→vp0, the resolutions are 3.5 MeV/c2 for Mbc and 55
MeV for DE.

TheB candidates are required to be within the rectangu
region in the Mbc2DE plane, 5.2 GeV/c2,Mbc
,5.3 GeV/c2 and uDEu,0.25 GeV. Signal regions o
5.27 GeV/c2,Mbc,5.3 GeV/c2 and uDEu,0.10 GeV are
used to display fit projections. Sideband regions are defi
as 5.2 GeV/c2,Mbc,5.26 GeV/c2 with uDEu,0.25 GeV
for DE, and 5.2 GeV/c2,Mbc with 0.10 GeV,uDEu
,0.25 GeV forMbc.

SinceB→vh is a P→VP decay, whereV means vector
and P means pseudoscalar particles, thev meson is polar-
ized. Thev helicity angle,uhel, is defined as the angle be
tween theB flight direction and the vector perpendicular
the v decay plane in thev rest frame. Further backgroun
suppression is achieved using thev helicity and the quality
of the B vertex fit (xB

2).

V. BACKGROUND SUPPRESSION

Backgrounds fromb→c decays and the feed-across fro
other charmless rareB decays are found to be negligib
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using MC simulations that assume the best known branch
fraction for each decay. The dominant backgrounds a
from the e1e2→qq̄ (q5u, d, s or c) continuum process
which has a jet-like event topology in contrast to the sphe
cal BB̄ events.

Several event-shape variables are used to distinguish
tweenB decays and continuum background. The thrust an
uT is defined as the angle between the primaryB decay
daughterv and the thrust axis formed by all the particle
from the otherB. S' is the scalar sum of the transvers
momenta of all particles outside a 45° cone around the
mary B decay daughter direction divided by the scalar s
of their momenta. In addition to these, a set of variab
derived from Fox-Wolfram moments@13# are used. The mo-
ments are defined by

Rl
so5

(
i ,k

upi uupkuPl~cosu ik!

(
i ,k

upi uupku
,

and

Rl
oo5

(
i , j

upi uupj uPl~cosu i j !

(
i , j

upi uupj u
,

where p stands for particle momentum, andPl is the l th
Legendre polynomial. There are two groups of particles t
go into this summation. The indexk refers to ~neutral or
charged! particles from theB candidate, whilei andj refer to
other particles not from thatB candidate.R1

so , R3
so andR1

oo

are not used because of their strong correlation withMbc. To
optimize the discrimination, the remaining 5 variablesl
<4) are combined with cosuT andS' to form a Fisher dis-
criminantF @14,15#. The cosine of the angle between theB
flight direction and the beam axis (cosuB), andF are found
to be independent, and their probability density functio
~PDFs! are obtained by using MC samples for signal, a
off-resonance data for continuum background. The variab
cosuB and F are then combined to form a likelihood rati
LR5Ls /(Ls1Lbg), whereLs(bg) is the product of signal
(qq̄) PDFs. A selection requirement is imposed onLR to
reject continuum background. A typical cut isLR.0.5 and
retains approximately 83% of the signal candidates wh
reducing the background by approximately 73%.

VI. ANALYSIS

Signal yields are obtained usingMbc andDE as indepen-
dent variables in an extended unbinned maximum likeliho
~ML ! fit after restrictions are imposed on the variablesxB

2 ,
LR and cosuhel. These areLR.0.65 for vK1/p1, LR
.0.5 for vK0, LR.0.8 for vp0 and ucosuhelu.0.5. ForN
input candidates, the likelihood is defined as
1-3
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TABLE II. Signal yields (Ns), efficiencies (e tot) including secondary decay branching fractions,
significances (S), branching fractions (B), and 90% confidence level upper limits~UL! on the branching
fractions forvK0 andvp0.

Mode Ns e tot(%) S B (31026) UL ( 31026)

vK1 44.628.3
19.1 8.1 7.8s 6.521.2

11.360.6
vp1 42.129.3

110.1 8.7 6.0s 5.721.3
11.460.6

vK0 11.124.4
15.2 3.3 3.2s 4.021.6

11.960.5 7.6
vp0 020.0

12.1 5.2 1.9
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N

@NSPSi
~Mbc!PSi

~DE!

1NBPBi
~Mbc!PBi

~DE!#,

where the indexi runs over each event, andPSi
andPBi

are

the probability densities as functions ofMbc and DE for
signal and background, respectively. This method treats
extracted yields for signalNS and backgroundNB according
to Poisson statistics and constrains their sum to the obse
number of candidatesN at the maximum likelihood.

The signal PDFs are determined from signal MC wh
the continuum background PDFs are derived from the
resonance data. The background shapes are verified u
data from the sideband region. The PDF for theDE back-
ground is modeled by a second-order polynomial functi
The PDF for theMbc background distribution is modele
with a smooth function with parameters determined fro
off-resonance data@16#. To model the low energy tail, the
DE signal PDFs use a ‘‘Crystal Ball’’ line shape functio
@17# with parameters determined by fits to signal MC. T
Mbc PDFs are the sum of two Gaussian functions with d
ferent widths, which were obtained by fits to signal M
Studies of B1→D̄0p1 and D̄0→K1p2p0 decays were
used to fix the meanMbc. Differences between widths ob
tained in these studies and those from the signal MC
regarded as systematic uncertainties.

The overall reconstruction efficiencies,e, are the products
of detection efficiencies, determined from MC with no KI
requirements, and KID efficiencies determined fromD* 1

→D0p1, D0→K2p1 events in the data. The statistical si
nificance (S) is defined asA22 ln@L(0)/Lmax#, whereLmax
is the maximum likelihood at the nominal signal yield a
L(0) is the likelihood with the signal fixed at zero. The 90
confidence level upper limit is calculated from the equati

E
0

xmaxL~x!dx

E
0

`

L~x!dx

590%,

where only the statistical uncertainties are considered.
the final upper limit, the above limit is increased by o
standard deviation of the systematic error.
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VII. MEASUREMENTS OF BRANCHING FRACTIONS

The results from the fits are shown in Table II. Figure
shows theMbc andDE distributions, where events in theMbc
(DE) plots are required to be in theDE (Mbc) signal region
after all selection criteria. The signal yields from the fits a
NvK1544.628.3

19.1, Nvp1542.129.3
110.1 andNvK0511.124.4

15.2 ~sta-
tistical errors only!. No signal is observed forB0→vp0. For
B1→vp1 and vK1, the p1/K1 feed-across is not negli
gible and its level is fixed in the ML fit. ForB1→vp1, the
contribution is estimated by usingvK1 yields from the fitted
B1→vK1 candidate events assuming no feed-across fr
vp1, dividing by the kaon efficiency and multiplying by th
kaon misidentification probability. The result is 4.861.0
events fromB1→vK1 in theB1→vp1 signal. This value
is consistent with the level determined by repeating the fit
B1→vp1 with the level ofvK1 feed-across left as a fre
parameter: 11.669.0 events. This difference is assigned
the systematic error ofvK1 feed-across forvp1 decay. A

FIG. 1. Signal region projections ofMbc ~left! and DE ~right!
for vK1, vp1, vK0 andvp0. The solid curves show the result
of the 2D fits with the background components represented
dashed curves. Small background enhancements near 0 MeV i~b!
and 250 MeV in ~d! are from misidentifiedB1→vp1 and B1

→vK1 decays.
1-4
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MEASUREMENT OF THE BRANCHING FRACTIONS FOR . . . PHYSICAL REVIEW D 70, 012001 ~2004!
similar procedure is used to determine thevp1 contamina-
tion in theB1→vK1 yield. Here the feed-across is found
be 3.360.7 events. The final measurements of branch
fractions are listed in Table II.

Because of the assignment of the pion mass to the k
the B1→vK1 signal peaks atDE5250 MeV, which pro-
vides some discrimination fromB1→vp1 events, which
peak atDE50 MeV. We use this to provide a consisten
check of thevK1 and vp1 yields by fitting to theDE
distribution forB1→vh1 candidates with no KID require
ments applied. The signal yields are 60.0214.8

115.5 and 47.7213.7
114.6

events forvK1 andvp1, respectively, which are consiste
with the results using the KID, where the efficienc
corrected yields are 52.429.8

110.7 events forvK1 and 47.3211.0
111.3

events forvp1. Figure 2 shows the results of this fit and
lego plot of KID versusDE. From the lego plot, there is
clear separation in the KID distribution betweenvK1 and
vp1 signal yields, which also provides a consistency che

We also examine the properties ofv candidates in our fit
sample. The clearv mass peak and polarized cosuhel distri-
bution shown in Figs. 3~a! and 3~b! confirm our fitted signals
are from v mesons with no significant nonresona
p1p2p0 contribution. Several other consistency chec
have also been performed including tighteningLR require-
ments and performing 1D ML fits toMbc andDE. All studies
yield consistent results.

FIG. 2. ~a! DE distributions without KID requirements in th
Mbc signal region. Dotted~dashed! curves indicate the signal com
ponentsvK1 (vp1) obtained from theDE fit to the B1→vh1

candidate events. The solid curve shows the sum of signal
continuum background components.~b! KID vs DE distributions in
the Mbc signal region. Arrows show the signalDE region with
KID .0.6 for vK1 andKID ,0.4 for vp1.

FIG. 3. Fitted yields in bins of~a! p1p2p0 invariant mass and
~b! cosine ofv helicity angle forvK1 and vp1. Solid curves
show the distribution from signal MC normalized to the resu
from the fits.
01200
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Systematic uncertainties for each mode are presente
Table III, with contributions arising from the backgroun
suppression, reconstruction and the fitting function var
tions. The systematic errors from the MC modeling of thexB

2

andLR requirements are studied withB1→D̄0p1 and D̄0

→K1p2p0 decays, which are 2.0% forLR and 3.0% for
xB

2 . We study the systematic error associated with thev
polarization (cosuhel) requirementucosuhelu,0.5 by compar-
ing the MC distributions with the fitted yields distributio
~Fig. 3!. We assign a 2.6% systematic error. The total s
tematic error from background suppression is 4.4%. The s
tematic error due to uncertainties in the reconstruction is
termined from detailed studies of the charged parti
tracking, v mass resolution, KID andp0 detection. For
charged tracking andp0 detection, the decay modesh
→gg,p1p2p0 and h→p0p0p0 are used. By comparing
results in data and MC, we assign a relative error of 2.0%
charged track reconstruction, 3.0% forv mass cut, and 4%
for p0 detection. The total reconstruction systematic er
ranges between 8.0% and 9.5%. The mean and width di
ences ofMbc and DE distributions between data and M
from B1→D̄0p1 decays are included in the systematic e
rors from fitting. The systematic uncertainty on the branc
ing fraction of v→p1p2p0 is obtained from the PDG
tables@18#.

VIII. ACP MEASUREMENTS

We determine partial rate asymmetries defined as

ACP5
N~B2→vh2!2N~B1→vh1!

N~B2→vh2!1N~B1→vh1!
.

The values ofACP were measured for the modesB6

→vK6 andB6→vp6 by performing 2DMbc2DE fits to
theB1 andB2 separately, as shown in Fig. 4. The number
signal events in thevK6 andvp6 modes are 21.025.7

16.4, and
10.725.2

16.1 for B1 decays, and 23.625.9
16.6 and 32.227.4

18.2 for B2

decays, respectively. The corresponding partial rate asym
try values areACP50.0620.18

10.2160.01 for vK6 and ACP

50.5020.20
10.2360.02 for vp6. The systematic error inACP

comes mainly from the reconstruction efficiency of high m
mentum charged particles and the fitting functions. The la
is measured by varying the parameters of the fitting fu
tions. The asymmetry inK6 reconstruction efficiency is
studied with an inclusive charged kaon sample.

nd

TABLE III. Systematic errors forvh. Feed-across mean
vK1(p1) for vp1(K1) decay. The unit is in percent(%).

Mode vK1 vp1 vK0 vp0

Background suppression 4.4 4.4 4.4 4.4
Reconstruction 8.0 8.0 9.5 9.4
Fit 21.6

11.3
21.8
11.6

24.3
14.4

Feed-across 61.6 23.3
13.6

NBB̄ 1 1 1 1
B(v→p1p2p0) 0.8 0.8 0.8 0.8

Sum 9.4 10.0 11.4 10.6
1-5
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In the confidence level calculation, we expand the inter
determined solely from the statistical error by one stand
deviation of the systematic error. The 90% confidence le
interval corresponds to20.25,ACP,0.41 for B6→vK6

and 0.15,ACP,0.90 forB6→vp6.

IX. DISCUSSION AND CONCLUSION

In summary, we have searched for exclusive two-bo
charmless hadronicB decays with anv meson in the final
state using a data sample of 78.1 fb21 collected on the
Y(4S) resonance. We findB(B1→vK1)5(6.521.2

11.360.6)

FIG. 4. Projections of the 2DMbc andDE for B6→vK6 and
B6→vp6 decays. Solid curves show the fit results. The das
curves indicate the backgrounds.
01200
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31026 and B(B1→vp1)5(5.721.3
11.460.6)31026, where

the first error is statistical and the second systematic.
results confirm our previous measurement of a large bran
ing fractions forB1→vK1, which cannot be easily accom
modated by the factorization approach and might indicate
presence of a large nonfactorizable contribution or other p
guin related processes@19#. A signal is obtained forB0

→vK0 decay with 3.2s significance while no excess is ob
served forB0→vp0 decay. The results correspond to 90
confidence level upper limits ofB(B0→vK0),7.631026

andB(B0→vp0),1.931026.
We also search for partial rate asymmetries inB6

→vK6 andvp6. We findACP50.0620.18
10.2160.01 forvK6

and ACP50.5020.20
10.2360.02 for vp6. These correspond to

90% confidence level intervals of20.25,ACP,0.41 for
B6→vK6 and 0.15,ACP,0.90 for B6→vp6. Our re-
sults indicate the possibility of nonzeroACP for B6

→vp6 with 99.2% confidence level, equivalent to 2.4s sig-
nificance for Gaussian errors.
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