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We report results from a search for the decays B + 7r+7r, B ~ K+vr, and B —+ K+K
We find 90% confidence level upper limits on the branching fractions, B ( 2.9 x 10, B~
2.6 x 10, and B~~ & 0.7 x 10 . While there is no statistically significant signal in the individual
modes, the sum of B „and B~ exceeds zero with a significance of more than 4 standard deviations,
indicating that we have observed charmless hadronic B decays.
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FIG. 1. (a) Spectator diagrams for B ~ 7r+~ and
B —+ K+vr and (b) penguin diagrams for the same modes.

We have searched for the charmless decays Bo
Bo ~ K+~, and Bo ~ K+K . The decay

B ~ sr+sr involves a 6 ~ u spectator diagram and a
possible contribution from a 6 ~ d penguin diagram (Fig.
1). This decay is of particular interest since the final state
is a CP eigenstate and CP violation can arise from inter-
ference between the amplitude for the direct decay and
that for the case where the B mixes to a B and then
decays [1]. The decay B ~ K+m is expected to occur
via a 6 —+ s penguin diagram and a Cabibbo-suppressed
6 —+ u spectator diagram. Direct CP violation can result
from interference between these diagrams [2].

While 6 —+ u transitions in the inclusive semileptonic
mode 6 ~ ugv are well established [3,4], and there is
recent evidence for electromagnetic penguin decays (6 ~
sp) in the exclusive channel B ~ K'p [5], there has
been no confirmed indication of charmless hadronic B
decays [6]. The most stringent published upper limits
[7,8] are 9 x 10 s for the branching fractions B and
B~ for the sr+sr and K+vr modes. We have updated
a theoretical prediction [9] for B using the product
ai ~Ub ~+7~0 = 0.054 ps~, derived from measurements of
two-body 5 —+ c decay modes in a recent review [10],
and a new value U„b/U, b = 0.08 from CLEO [4]; the
result is B = 1.1 x 10 . Recent theoretical predictions
for B~ are in the range (1—2)x10 s [11]. The decay
B —+ K+K is expected to be heavily suppressed since
it involves both a 6 ~ u transition and R' exchange.

We use data from the CLEO II detector [12] operat-
ing at the Cornell Electron Storage Ring (CESR). The
sample consists of 1.37 fb i accumulated at a center-of-
mass energy of 10.58 GeV on the T(4S) resonance, corre-
sponding to 1.47 x 10 BB events. An additional sample
of 0.64 fb i accumulated 55 MeV below the T(4S) pro-
vides a signal-free control sample. We refer to these as
the "on-resonance" and "oK-resonance" samples. The de-
tector components important for this analysis are a track-
ing system consisting of a 6-layer straw tube chamber, a
10-layer vertex drift chamber, and a 51-layer main drift
chamber, and an electromagnetic calorimeter consisting
of 7800 CsI crystals, all operated inside a 1.5-T solenoidal
magnet. The measured momentum resolution of the
tracking system is given by cr2/p2 = 0.0050 + 0.00152@

(p in GeV/c). We identify particles based upon spe-
cific ionization (dE/dx) information from the main drift
chamber.

To search for sr+sr, K+vr, and K+K candidates,
we select events with at least five charged tracks. Since
B's are produced nearly at rest, the two daughters will
be nearly back-to-back, with momenta 2.6 GeV/c. We
select two oppositely charged, well-measured candidate
tracks which come from a common point consistent with
the known event vertex, and for which the direction of
the thrust axis lies within a fiducial volume defined by
~cosa~ & 0.8, where 0 is the polar angle with respect
to the beam axis. We use the energies (Ei, E2) cal-
culated assuming both tracks are pions to compute the
difference between their total energy and the beam en-
ergy, AE = Ei + E2 —Eb. The AE distributions for vrvr,

Kvr, and KK events are centered at 0, —42, and —84
MeV, respectively. The resolution (o~~) in AE is 25 + 2
MeV [13]. We calculate a "beam-constrained" mass from
m = Eb —(pi + p2) by using the constraint AE = 0.
The resolution in m, determined from fully reconstructed
B decays, is 2.5 + 0.2 MeV, 10 times smaller than with-
out the beam constraint. We accept events lying in a
fiducial region defined by —185 ( AE ( 140 MeV and
5.210 ( m ( 5.289 GeV, which includes the signal re-
gions for urer, Kvr, and KK, and a sideband for back-
ground determination.

We differentiate between urer, K7t. , and KK events us-
ing AE and dE/dx information. The AE shift for Kvr
events provides a separation from vrvr events of 1.70.~@.
We have studied the dE/dx separation between pions
and kaons for momenta p 2.6 GeV/c using D*+-tagged
Do —& K 7r+ decays; we find a separation of (1.8+0.1)o..

We have studied backgrounds from 6 —+ c decays and
other 6 ~ u and 6 ~ 8 decays and find that all are negli-
gible in this analysis. The main background arises from
the process e+e ~ qq (where q = u, s, d, c). Such events
typically exhibit a two-jet structure and can produce
high momentum, approximately back-to-back tracks in
the fiducial region. To reduce contamination from these
events, we calculate the angle, 6IT, between the thrust
axis of the candidate tracks and the thrust axis of all the
remaining charged and neutral energy in the event. The
distribution of cosa' is strongly peaked near +1 for qq
events and is nearly flat for BB events. After requiring

~

cosHT~ & 0.7 we obtain a sample of 262 (138) events
in the on-resonance (off-resonance) data set for further
analysis. We use a detailed Monte Carlo simulation to
determine the overall signal efficiency to be (38 + 3)%%uo.

Additional discrimination between signal and qq back-
ground is provided by a Fisher discriminant technique
[14]. The Fisher discriminant is a linear combination

i n, y, where the coefficients, n, are chosen toN

maximize the separation in T between Monte Carlo sig-
nal and background samples. The 11 inputs, y, , are the
direction of the candidate thrust axis, the flight direction
of the candidate B meson, and nine variables which mea-
sure the momentum flow of showers and tracks from the
rest of the event in nine angular bins, each of 10', cen-
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tered about the candidate's thrust axis. Figure 2 shows

off-resonance and sideband samples overlaid. Both '
1

an background distributions are well fitted by Gaussians
whose means are separated by 1.5a.

We use two approaches to evaluate the amount of si-
c ata sample. In the first approach we cut on

AE, m, E, and dE/dx, count the number of events in

extrapolated from the sideband region. For each event
we use the dE/dx information to determine the most
probable hypothesis among sr~, Kvr, and KK. After re-

quiring T & 0.52'
ing . , we define a 2o signal region in LE

and m. A sideband region is defined as the portion of
the fiducial region with m & 5.274 G V '

1 d'

off-r
e, inc u ing the

cy or signa events iso -resonance data. The net efFicienc f 1

o. This procedure yields 6 (56) sr~ events in the sig-
na (sideband) region. From a Monte Carlo simulation
o t e background we determine that the ratio of back-

an signa regions isground populations in the sideband d 1

0.3. In the0. . the a sence of a signal the binomi 1 b b'1'ia pro a i ity
o o ain or more events in the signal region out of a

total of 62 events is 3.9xl0 3. In the K d h

( ) events in the signal (sideband) region. From the
sideband-signal ratio of 38.0 we fi d b' '

1. , we n a inomial proba-
bility of 5.1 x 10 s. There are 0 (38) KK events in the

samples, with 12 (112) signal (sideband) events, the bi-
nomial probability that the observed sample results from
a background Huctuation is 6.8 x 10 5. E

n t e ackground in the signal region, we expect 1.4,
1.5, and 1.0 background events in vrvr, Kx, and KK re-
spectively.

In the ssecond approach, we increase the efBciency of

the search and exp'oit the information contained in the
shapes of the h.E, m, X, and dE/dx d' 'b '

b

o an un inne maximum-using these variables as inputs t b'

i elihood fit. In this fit the events in the fiducial region
a i i y ensity func-are parametrized by sums of prob b'1't d

tions (PDF's) for ver, Kvr, and KK '
Isigna and back-

ground events, with relative area d ts e ermine y max-
imizing the likelihood function. The si nal an

s are Gaussian in all variables except b k-
roun

or w ic we use the empir-nomial, and background m for h' h
ical shape [8] f(m) cc mv 1 —x2exp[ —p(1 —x2)], with

eter
x —= m Eb and p a parameter to be fit. The
e ers of the PDF's are determined from high-statistics
Monte Carlo samples. We u d t t
lations

se a a o examine corre-
ations among the input variables and find themesan n t emtobe

a . r er details about this analysis and the likeli-
hood fit in particular, can be found in Ref. [15].

The result of the maximum likelihood fit to the on-
resonance data is given in Fig. 3 Th fie gure shows a
contour plot of N~ vs N „ in which the solid lines rep-
resent no contours (n=l —4), corresponding to decreases
in t e log likelihood from its maximum b 0.5n2 h
dotted linine represents the 1.28o. contour which can be

0 con ence level limits.used to extract approximate 90%%u c fid
T e best fit values are N~~ = 0 0+ N = 7 2+

3 i the latter two corresponding to ex-
cesses of 2.5o. ano . a and 2.8o (statistical errors only). While
neither the vox nor

=N
or t e Kvr excess is compelling thee point

= 0 is excluded at the level of 5.4cr. After si-
multaneously varying all parameters within their allowed
range in the direction which decreases the summed sig-
nal, this point is still excluded at the 4.2 1 1

'
e . cr eve, indicating

a eit er vox or Kx or both are present in the data.
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FIG. 2. Com arip 'son of signai (solid histogram) and back-
ground (dashed histogram) Monte Carlo distributions for the

is er variable T. The points with error bars are from
o8'-resonance plus sideband data.
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FIG. 3. Likelihood contours for the fit to N and N~„.
The central value of the fit is indicated by the cross. The
solid lines are 1s are lo, 2o, 3o, 4o contours and the dotted line is
the 1.28o. contour.
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TABLE I. Measured branching fractions and 90%%uo C.L. up-
per limits (U.L.).
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FIG. 4. Comparison of on-resonance data (histogram) with
projections of the maximum likelihood fit (solid curve). (a)
Sum of K~ and ~sr, projected onto m after cut on AE and T;
(b) projection onto AE, after cut on m and X. The shaded
portions of the histograms indicate events identified as vr7r. In
(b), the dotted and dot-dashed lines indicate the fit projec-
tions for Kvr and ~sr separately.

The results of the likelihood fit are checked in sev-
eral ways. We fit the ofr'-resonance data and find that
the signals are consistent with zero as they should be:
N „= 0.7+o 7 and N~ ——0.0+o 0. We determine
the confidence levels of the on- and ofI'-resonance fits
to be 35'%%uo and 74'%%uo by comparing the maximum value
of the likelihood function for the actual data with that
for 1000 simulated, 262-event or 138-event samples gen-
erated from the PDF's with the best fit values of the
fitted parameters. This confirms that the PDF's accu-
rately represent the data. In Fig. 4 we compare the max-
imum likelihood results with the event-counting analy-
sis described earlier. To do this we project the maxi-
mum likelihood fit onto the m and AE axes and nor-
malize by integrating over the remaining variables with
the cuts used for the event counting analysis. We overlay
these curves on the histograms of events identified in the
event counting analysis as either K7r or 7r~ (note that the
curves are not fits to these particular event histograms).
The agreement between the curves and the histograms
confirms the consistency of the two analyses.

Systematic uncertainties are estimated by varying the
parameters of the PDF's for both signal and background
within a range determined either from the off-resonance
and sideband data or from independent measurements.
Most variations shift events between sr~ and Kvr but
change the sum very' little. The sum is most sensitive
to changes of the shape of f(m), leading to 8% varia-
tions in the total yield. The individual yields of 7t.~ and
Ka are sensitive to f(m), shifts in the zero of the EE
distribution, and to the uncertainties in the dE/dx dis-
tributions. The total systematic errors of 9%%uo for the sum
and 16%%uii for the individual yields are small compared to
the statistical uncertainty.

The central values and upper limits are summarized in
Table I. The branching fractions are calculated from the
efficiency and number of produced B's given above. To
calculate the number of B 's produced, we have assumed
equal production rates for charged and neutral B mesons.
In order to determine 90%%uo confidence level (C.L.) limits,
we integrate the likelihood function within the physical
region. When systematic errors are added linearly, we

find B „(2.9 x 10, B~„(2.6 x 10, and B~~ &
0.7 x 10 ~. These are significant improvements upon the
previous limits of 9 x 10 [7], and for B and BIr
are close to the level of the theoretical predictions [9,11].
While there is no statistically significant signal in any of
the individual modes, the result for the sum, B + BK„,
is more than 4 standard deviations from zero, indicating
that we have observed charmless hadronic B decays.
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