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We have searched for two-body charmless decays ofB mesons to purely hadronic exclusive fina
states includingv or f mesons using data collected with the CLEO II detector. With this sample
6.6 3 106 B mesons we observe a signal for thevK1 final state, and measure a branching fraction
BsB1 ! vK1d ­ s1.510.7

20.6 6 0.2d 3 1025. We also observe some evidence for thefKp final state,
and upper limits are given for 22 other decay modes. These results provide the opportunity for s
of theoretical models and physical parameters. [S0031-9007(98)06568-5]
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In the past several years, the study of charmle
nonleptonic decays ofB mesons has attracted a lo
of attention, primarily because of the importance o
these processes in understanding the phenomenon
CP violation. This interest is expected to continue a
several new experimental facilities specifically built forB
meson studies begin operating within a few years. Pur
hadronic decays ofB mesons are understood to procee
mainly through the weak decay of ab quark to a lighter
quark, while the light quark bound in theB meson remains
a spectator, as shown by the Feynman diagrams in Fig
The decay amplitude for “tree-level”b ! u transitions
[Figs. 1(a) and 1(b)] is much smaller than the one f
dominantb ! c transitions due to the ratio of Cabibbo
Kobayashi-Maskawa [1] matrix elementsVubyVcb ø 0.1.
Transitions tos andd quarks are effective flavor-changing
neutral currents proceeding mainly by one-loop “pengui
amplitudes, and are also suppressed. Examples are sh
in Figs. 1(c) and 1(d). The understanding of the relativ
importance of tree and penguin amplitudes will be cruci
in studies ofCP asymmetries inB-meson decays.

The strong interaction between particles in the fin
state makes theoretical predictions difficult. The use
effective Hamiltonians, often with factorization assump
tions [2–10], has led to a number of these predictions, a
the experimental sensitivity has now become sufficient
allow us to begin to test the correctness of the underlyi
assumptions. For example, decays of the typeB ! Kp

[11,12] andB ! Kh0 [13] have been recently observed.
In this Letter, we describe searches forB-meson decays

to exclusive final states that include anv or f meson
and one other low-mass charmless meson. Some dec
to final states with af are of particular interest becaus
they are dominated by penguin amplitudes, and rece
no contribution from tree-level amplitudes (see Fig. 1
while others, such asB1 ! fp1, receive no contribution
from penguin or tree amplitudes and only proceed throu
higher-order diagrams.

The results presented here are based on data colle
with the CLEO II detector [14] at the Cornell Elec-
tron Storage Ring (CESR). The data sample correspo
to an integrated luminosity of3.11 fb21 for the reac-
tion e1e2 ! Ys4Sd ! BB, which in turn corresponds
to 3.3 3 106 BB pairs. To study background from con
tinuum processes, we also collected1.61 fb21 of data
at a center-of-mass energy below the threshold forBB
production.
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The final states of the decays under study are reco
structed by combining detected photons and charged
ons and kaons. Thev and f mesons are identified
via the decay modesv ! p1p2p0 and f ! K1K2,
respectively. The detector elements most important fo
the analyses presented here are the tracking syste
which consists of 67 concentric drift chamber layers, an
the high-resolution electromagnetic calorimeter, made
7800 CsI(Tl) crystals.

Reconstructed charged tracks are required to pa
quality cuts based on their track fit residuals with impac
parameter. The specific ionizationsdEydxd measured in
the drift layers is used to distinguish kaons from pions
Expressed as the number of standard deviations from t
expected value,Sisi ­ p, Kd, it is required to satisfy
jSij , 3.0. Photons are defined as isolated shower
not matched to any charged tracks, with a lateral sha
consistent with that of photons, and with a measure
energy of at least 30 (50) MeV in the calorimeter regio
j cosuj , 0.71 s$0.71d, whereu is the polar angle.

Pairs of photons (charged pions) are used to reconstru
p0’s and h’s (K0’s). The momentum of the pair is ob-
tained with a kinematic fit of the decay particle moment
with the meson mass constrained to its nominal valu
To reduce combinatoric background, we reject very asym
metric p0 and h decays by requiring that the rest frame
angleup between the direction of the meson and the direc
tion of the photons satisfiesj cosupj , 0.97, and require
that the momentum of charged tracks and photon pairs
greater than100 MeVyc.

The primary means of identification ofB-meson can-
didates is through their measured mass and energy. T
quantity DE is defined asDE ; E1 1 E2 2 Eb, where
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FIG. 1. (a), (b): Tree-level spectator; (c), (d): penguin dia
grams for some of the decay modes investigated.
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E1 andE2 are the energies of the two daughter particles o
the B andEb is the beam energy. The beam-constraine

mass of the candidate is defined asM ;
q

E2
b 2 jpj2,

wherep is the measured momentum of the candidate. W
use the beam energy instead of the measured energy of
B candidate to improve the mass resolution by about 1 o
der of magnitude.

The large background from continuum quark-antiquar
sqqd production can be reduced with event shape cut
BecauseB mesons are produced almost at rest, th
decay products of theBB pair tend to be isotropically
distributed, while particles fromqq production have a
more jetlike distribution. The angleuT between the thrust
axis [15] of the charged particles and photons forming th
candidateB and the thrust axis of the remainder of the
event is required to satisfyj cosuT j , 0.9. Continuum
background is strongly peaked near 1.0 and signal
approximately flat for this quantity. We also form a
Fisher discriminantsF d [11] with the momentum scalar
sum of charged particles and photons in nine cone
of increasing polar angle around the thrust axis of th
candidate and the angles of the thrust axis of the candida
andp with respect to the beam axis.

The specific final states investigated are identified v
the reconstructed invariant masses of theB daughter
resonances. For final states with a pseudoscalar mes
and for the secondary decayh0 ! rg, further separation
of signal events for combinatoric background is obtaine
through the use of the defined angular helicity state o
the f, v, or r. The observableH is the cosine of the
angle between the direction of theB meson and the vector
meson daughter decay direction (normal to the deca
plane for thev), both in the vector meson’s rest frame
For the final statesvKp1 and vr1, the p0 from Kp1

or r1 decay defines the daughter direction. In this cas
we requireH , 0.5 to reduce the large combinatoric
background from softp0’s. Since the distribution of
H is not known for these vector-vector final states
we assume the worst casesH 2d when computing the
efficiency.

Signal event yields for each mode are obtained with un
binned multivariable maximum likelihood fits. We also
performed event counting analyses that applied tight co
straints on all variables described above. Results for th
latter are consistent with the ones presented below.

For N input events andp input variables, the likelihood
is defined as

L ­ e2sNS1NBd
NY

i­1

(
NS

pY
j­1

PSij
sf1j , . . . , fmj; xijd

1 NB

pY
j­1

PBij
sg1j , . . . , gnj; xijd

)
,

where PSij and PBij are the probabilties for eventi to
be signal and continuum background for variablexij ,
respectively. The probabilities are also a function o
the parametersf and g used to describe the signal
274
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and background shapes for each variable. The numb
of parameters required varies depending on the inp
variable. The variables used areDE, M, F , resonance
masses, andH as appropriate. For pairs of final states
differentiated only by the identity of a single charged pion
or kaon, we also useSi for that track and fit both modes
simultaneously. NS and NB, the free parameters of the
fit, are the number of signal and continuum backgroun
events in the fitted sample, respectively. We verified tha
background from otherB decay modes is small for all

TABLE I. Measurement results. Columns list the final states
(with secondary decay modes as subscripts), event yield fro
the fit, reconstruction efficiencye, total efficiency including
secondary branching fractionsBs, and the resultingB decay
branching fractionB .

Final state Yield (events) e (%) eBs (%) B s1025d

vK1 12.215.5
24.5 28 25.1 1.510.7

20.6 6 0.2

vK0 2.312.4
21.5 15 4.4 ,5.7

vp1 9.215.3
24.3 29 25.8 ,2.3

vh1 21.416.5
25.6 29 25.5 2.510.8

20.7 6 0.3

vp0 2.412.9
21.8 24 20.9 ,1.4

vh0
hpp 0.111.9

20.1 16 2.4 ,6.4

vh0
rg 5.113.6

22.7 16 4.2 ,9.2

vhgg 0.011.5
20.0 24 8.5 ,2.0

vh3p 0.010.5
20.0 15 3.2 ,2.8

vKp1
K1p0 1.112.6

21.1 7 2.0 ,12.9

vKp1
K0p1 4.513.6

22.8 16 3.2 ,10.9

vKp0
K1p2 2.113.6

22.1 22 13.1 ,2.3

vr1 2.514.4
22.5 8 6.8 ,6.1

vr0 0.011.7
20.0 24 21.1 ,1.1

vv 0.312.6
20.3 15 11.9 ,1.9

fK1 0.010.8
20.0 47 23.1 ,0.5

fK0 1.912.0
21.2 32 5.3 ,3.1

fp1 0.010.9
20.0 49 24.0 ,0.5

fp0 0.010.6
20.0 31 15.1 ,0.5

fh0
hpp 0.010.5

20.0 26 2.2 ,3.5

fh0
rg 2.713.1

22.1 30 4.4 ,6.3

fhgg 0.010.6
20.0 39 7.5 ,1.3

fh3p 0.010.5
20.0 24 2.7 ,2.9

fKp1
K1p0 2.613.3

22.4 26 4.4 ,5.6

fKp1
K0p1 1.712.0

21.1 29 3.4 ,5.3

fKp0
K1p2 3.213.2

22.1 39 12.7 ,2.2

fKp0
K0p0 0.011.9

20.0 18 1.0 ,8.0

fr1 0.012.3
20.0 34 16.7 ,1.6

fr0 0.814.4
20.8 41 20.0 ,1.3

fv 0.812.5
20.8 23 10.2 ,2.1

ff 0.411.4
20.4 40 9.7 ,1.2



VOLUME 81, NUMBER 2 P H Y S I C A L R E V I E W L E T T E R S 13 JULY 1998

i-

ts

y

n

d

d

channels investigated and did not require inclusion in th
fit. Correlations between input variables were found
be negligible, except between the invariant masses o
parent resonance and its daughter, which the likeliho
function takes into account.

For each decay mode investigated, the signal probab
ity distribution functions (PDFs) for the input variables
are determined with fits to Monte Carlo event sample
generated with aGEANT [16] based simulation of the
CLEO detector response. The parameters of the ba
ground PDFs are determined with similar fits to a side
band region of data defined byjDEj , 0.2 GeV and
5.2 , M , 5.27 GeVyc2. The data samples collected on
and below theYs4Sd resonance are used. The signa
shapes used are Gaussian, double Gaussian, and B
Wigner, as appropriate forDE and mass peaks. For
background, resonance masses are fit to the sum o
smooth polynomial and the signal shape, to account f
the component of real resonance as well as the co
binatoric background. ForDE and M background we
use a first-degree polynomial and the empirical sha
fszd ~ M

p
1 2 z2 expf2js1 2 z2dg, where z ; MyEb

and j is a parameter to be fit, respectively. Finally, fo
F , SK , and Sp , we use bifurcated Gaussians (differen
sigma on either side of the mean) for both signal an
background.

Sideband regions for each input variable are includ
in the likelihood fit. The number of events input to the fi
varies from 70 to,12 000, depending on the final state.
Table I [17] gives the results for each mode investigate
The final statevh1 represents the sum of thevK1 and
vp1 states (h1 ; K1 or p1). Shown are the signal
event yield, the efficiency, the product of the efficienc
and relevant branching fractions of particles in the fin
state, and the branching fraction for each mode, given
a central value with statistical and systematic error, or
a 90% confidence level upper limit. The one standa
deviationssd statistical error is determined by finding the
values where the quantityx2 ­ 22 lnsL yLmaxd, where
Lmax is the point of maximum likelihood, changes by
one unit.

Systematic errors are separated into two major comp
nents. The first is systematic errors in the PDFs, whic
are determined with a Monte Carlo variation of the PD
parameters within their Gaussian uncertainty, taking in
account correlations between parameters. The final lik
lihood function is the average of the likelihood function
for all variations. The second component is systema
errors associated with event selection and efficiency fa
tors. The most important individual contributions to th
systematic error are from track and shower reconstructi
and from particle identification PDF shapes. For cas
where we determine a branching fraction central valu
the final systematic error is the quadrature sum of the tw
components. For upper limits, the likelihood function, in
cluding systematic variations of the PDFs, is integrated
find the value that corresponds to 90% of the total are
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TABLE II. Combined results and expectations from theoret
cal models.

Decay mode B s1025d TheoryB s1025d References

B1 ! vK1 1.510.7
20.6 6 0.2 0.1–0.7 [3,5,9,10]

B0 ! vK0 ,5.7 0.1–0.4 [3,5,10]

B1 ! vp1 ,2.3 0.1–0.7 [3,5,9,10]

B1 ! vh1 2.510.8
20.7 6 0.3 · · · · · ·

B0 ! vp0 ,1.4 0.01–1.2 [3,5,10]

B0 ! vh0 ,6.0 0.3–1.7 [3,10]

B0 ! vh ,1.2 0.1–0.5 [3,10]

B1 ! vKp1 ,8.7 0.04–1.5 [3,5,8]

B0 ! vKp0 ,2.3 0.2–0.8 [3,5]

B1 ! vr1 ,6.1 1.0–2.5 [3,5,8]

B0 ! vr0 ,1.1 0.04 [3]

B0 ! vv ,1.9 0.04–0.3 [3,5]

B1 ! fK1 ,0.5 0.07–1.6 [2,3,5–7,9,10]

B0 ! fK0 ,3.1 0.07–1.3 [2,3,5–7,10]

B1 ! fp1 ,0.5 ø0.1 [4–6,9,10]

B0 ! fp0 ,0.5 ø0.1 [4–6,10]

B0 ! fh0 ,3.1 ø0.1 [4,10]

B0 ! fh ,0.9 ø0.1 [4,5,10]

B1 ! fKp1 ,4.1 0.02–3.1 [2,3,5,7,8]

B0 ! fKp0 ,2.1 0.02–3.1 [2,3,5,7]
B ! fKp ,2.2 0.02–3.1 [2,3,5,7]

B1 ! fr1 ,1.6 ø0.1 [4,5,8]

B0 ! fr0 ,1.3 ø0.1 [4,5]

B0 ! fv ,2.1 ø0.1 [4,5]

B0 ! ff ,1.2 none

The efficiency is reduced by one standard deviation of i
systematic error when calculating the final upper limit.

For final states which we detect in multiple secondar
channels, we sum the value ofx2 as a function of the
branching fraction and extract the final branching fractio
or upper limit from the combined distribution. Table II
shows the final results, as well as previously publishe
theoretical estimates.

We find a significant signal forB1 ! vK1 and
measure the branching fractionBsB1 ! vK1d ­
s1.510.7

20.6 6 0.2d 3 1025, where the first error is sta-
tistical and the second is systematic. We also fin
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solid line shows the result of the likelihood fit, scaled to tak
into account the cuts applied to variables not shown. Th
dashed line shows the background component, and in (a)
dotted line shows theB1 ! vK1 fit only.

a signal for B1 ! vh1, with a branching fraction
of BsB1 ! vh1d ­ s2.510.8

20.7 6 0.3d 3 1025. The
significance for these signals is3.9s for B1 ! vK1

and 5.5s for B1 ! vh1. We also find some evi-
dence for the modesB1 ! fKp1 and B0 ! fKp0,
with a significance of2.9s. It is sensible to combine
these modes since their decay rate is expected to
dominated by identical penguin amplitude contribu
tions, except for different spectator quarks. The quote
significances include both statistical and systemat
errors. If we interpret the observedfKp event yield
as a signal, we obtain an average branching fractio
of BsB ! fKpd ­ s1.110.6

20.5 6 0.2d 3 1025. Figure 2
shows the likelihood functions for these modes. Figure
shows the projection along theM axis, with clear peaks
at theB meson mass.

We also set lower limits on the branching fraction
for B1 ! vK1 and B1 ! vh1, which could have
interesting theoretical implications [18–22]. We find
B sB1 ! vK1d . 8.4 3 1026 and BsB1 ! vh1d .

1.6 3 1025 at the 90% confidence level. The latter limit
would imply that the parameterj used in Refs. [18]
and [22] is restricted to the regionsj . 0.62 and j .

0.53, respectively. However, based on Ref. [18], ou
measurement ofBsB1 ! fK1d , 0.5 3 1025 implies
that j , 0.27 at the 90% confidence level. Although
there is still considerable uncertainty in the theoretic
model parameters, these limits illustrate the difficulty i
accounting for all of our current results with a single
phenomenological parameter.
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