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We have searched for two-body charmless decays ofiesons to purely hadronic exclusive final
states includinge or ¢ mesons using data collected with the CLEO Il detector. With this sample of
6.6 X 10° B mesons we observe a signal for the&k'* final state, and measure a branching fraction of
BB — wK*) = (15707 + 0.2) X 107>. We also observe some evidence for th&* final state,
and upper limits are given for 22 other decay modes. These results provide the opportunity for studies
of theoretical models and physical parameters. [S0031-9007(98)06568-5]

PACS numbers: 13.25.Hw

In the past several years, the study of charmless The final states of the decays under study are recon-
nonleptonic decays ofB mesons has attracted a lot structed by combining detected photons and charged pi-
of attention, primarily because of the importance ofons and kaons. Thes and ¢ mesons are identified
these processes in understanding the phenomenon wifa the decay modes — 7 7 7% and¢p — KTK ™,

CP violation. This interest is expected to continue asrespectively. The detector elements most important for
several new experimental facilities specifically built ®r the analyses presented here are the tracking system,
meson studies begin operating within a few years. Purelyhich consists of 67 concentric drift chamber layers, and
hadronic decays oB mesons are understood to proceedthe high-resolution electromagnetic calorimeter, made of
mainly through the weak decay oftaquark to a lighter 7800 CsI(TI) crystals.

guark, while the light quark bound in tlEemeson remains Reconstructed charged tracks are required to pass
a spectator, as shown by the Feynman diagrams in Fig. fiuality cuts based on their track fit residuals with impact
The decay amplitude for “tree-levell — u transitions parameter. The specific ionizatiddE /dx) measured in
[Figs. 1(a) and 1(b)] is much smaller than the one forthe drift layers is used to distinguish kaons from pions.
dominantb — ¢ transitions due to the ratio of Cabibbo- Expressed as the number of standard deviations from the
Kobayashi-Maskawa [1] matrix elemenits, /V., = 0.1.  expected valuesS;(i = 7, K), it is required to satisfy
Transitions tas andd quarks are effective flavor-changing |S;| < 3.0. Photons are defined as isolated showers,
neutral currents proceeding mainly by one-loop “penguin’not matched to any charged tracks, with a lateral shape
amplitudes, and are also suppressed. Examples are showonsistent with that of photons, and with a measured
in Figs. 1(c) and 1(d). The understanding of the relativeenergy of at least 30 (50) MeV in the calorimeter region
importance of tree and penguin amplitudes will be crucial cosf#| < 0.71 (=0.71), where# is the polar angle.

in studies ofCP asymmetries irB-meson decays. Pairs of photons (charged pions) are used to reconstruct

The strong interaction between particles in the final7%'s and n's (K”’s). The momentum of the pair is ob-
state makes theoretical predictions difficult. The use otained with a kinematic fit of the decay particle momenta
effective Hamiltonians, often with factorization assump-with the meson mass constrained to its nominal value.
tions [2—10], has led to a number of these predictions, an@o reduce combinatoric background, we reject very asym-
the experimental sensitivity has now become sufficient tanetric 7° and n decays by requiring that the rest frame
allow us to begin to test the correctness of the underlyingngled* between the direction of the meson and the direc-
assumptions. For example, decays of the tgpe> K7  tion of the photons satisfidcost*| < 0.97, and require
[11,12] andB — K%' [13] have been recently observed. that the momentum of charged tracks and photon pairs be

In this Letter, we describe searches fsmeson decays greater thari00 MeV/c.
to exclusive final states that include an or ¢ meson The primary means of identification d-meson can-
and one other low-mass charmless meson. Some decag&lates is through their measured mass and energy. The
to final states with ap are of particular interest because quantity AE is defined asAE = E; + E, — E,, where
they are dominated by penguin amplitudes, and receive
no contribution from tree-level amplitudes (see Fig. 1), 3300298.008
while others, such aB™ — ¢« ™, receive no contribution Ut ot T
from penguin or tree amplitudes and only proceed through ) WE 5 ' ) WE d
higher-order diagrams. g+0 oo gt U

The results presented here are based on data collected !
with the CLEO Il detector [14] at the Cornell Elec-
tron Storage Ring (CESR). The data sample corresponds

()
- - - W+

to an integrated luminosity o8.11 fo~! for the reac- b%

tion e"e” — Y(4S) — BB, which in turn corresponds B°  uct g

u——m——Uu

(b)
+
w
® Lo
B uct 9
y—

i iK+, K*+
to 3.3 X 10° BB pairs. To study background from con- u ke ue
tinuum processes, we also collectéd1 fb~! of data (e) (d)
at a center-of-mass energy below the threshold#8r  FiG. 1. (a), (b): Tree-level spectator; (c), (d): penguin dia-
production. grams for some of the decay modes investigated.

273



VOLUME 81, NUMBER 2 PHYSICAL REVIEW LETTERS 13JLy 1998

E, andE, are the energies of the two daughter particles oind background shapes for each variable. The number
the B andE,, is the beam energy. The beam-constrainedf parameters required varies depending on the input
mass of the candidate is defined &= E;% — Ipl? variable. The variables used afg=, M, F, resonance

wherep is the measured momentum of the candidate. WENaSSES, and{ as appropriate. For pairs of final states
use the beam energy instead of the measured energy of tiferentiated only by the identity of a single charged pion
B candidate to improve the mass resolution by about 1 or2" kaon, we also us; for that track and fit both modes
der of magnitude. simultaneously. Ny and N, the free parameters of the

The large background from continuum quark-antiquarkfit: @ré the number of signal and continuum background
(¢g) production can be reduced with event shape cutEvents in the fitted sample, respectively. We verified that

Because B mesons are produced almost at rest, thdackground from otheB decay modes is small for all

decay products of th&B pair tend to be isotropically

distributed, while particles fromyg production have a TABLE I. Measurement results. Columns list the final states

more jetlike distribution. The angle; between the thrust (With secondary decay modes as subscripts), event yield from
is [15] of the ch d icl d bh f . hthe fit, reconstruction efficiency, total efficiency including

axis [15] of the charged particles and photons forming th&econdary branching fractior®,, and the resultingd decay

candidateB and the thrust axis of the remainder of the pranching fractior.

event is required to satisfiicosfr| < 0.9. Continuum

background is strongly peaked near 1.0 and signal i£nalstate Yield (events)e (%) €B, (%) B (107°)

approximately flat for this quantity. We also form a wk* 122733 28 251 15707 + 02

Fisher discriminan(f) [11] with the momentum scalar wK?° 2.3+24 15 4.4 <57

sum of charged particles and photons in nine cones N 453

of increasing polar angle around the thrust axis of the “7 9243 29 25.8 <2.3

candidate and the angles of the thrust axis of the candidate @/ 21.47¢3 29 255 25707 £ 03

andp with respect to the beam axis. w° 24713 24 20.9 <14
The specific final states investigated are identified via 01749 16 24 <6.4

the reconstructed invariant masses of tBedaughter r Iy

resonances. For final states with a pseudoscalar meson,” 7»y 3137 16 42 <92

and for the secondary decay — pv, further separation ~ @7,y 0.0%53 24 8.5 <2.0
of signal events for combinatoric background is obtained 1, 0.0703 15 3.2 <28
through the use of the defined angular helicity state of

: . Kyt 1738 7 2.0 <129
the ¢, @, or p. The observableH is the cosine of the ~ “ &' L1t
irecti wKgo 45133 16 3.2 <10.9
angle between the direction of tBemeson and the vector KOm+ D-23
meson daughter decay direction (normal to the decaywKj" - 21738 22 13.1 <23
plane for thew), both in the vector meson's rest frame. , ;+ 2.5+44 8 6.8 <6.1
For the final statesoK** and wp ™, the 7 from K** w0 0,017 24 211 “11
or p* decay defines the daughter direction. In this case P : ;;’2 ' :
we require H < 0.5 to reduce the large combinatoric =~ @@ 0.3%53 15 11.9 <19
background from softz”’s. Since the distribution of pK* 0.0708 47 231 <0.5
H is not known for these vector-vector final states, SKO 1.9%29 32 5.3 <3
we assume the worst cagé{ >) when computing the . 09
efﬁCiency. ¢W 0.0-¢9 49 24.0 <0.5
Signal event yields for each mode are obtained with un- ¢ 7° 0.050% 31 15.1 <0.5
binned multivariable maximum likelihood fits. We also ¢4, . 0.0507 26 2.2 <35
performed event counting analyses that applied tight con- / 57431 30 4.4 <63
straints on all variables described above. Results for the =~ "7 ' ;(2); 39 5 <13
latter are consistent with the ones presented below. My 0.0-00 . :
For N input events ang input variables, the likelihood N3 0.0533 24 2.7 <29
is defined as K 26133 26 4.4 <5.6
N ld #+ +2A0
- + -1 29 34 <5.3
L = ¢ (NstNs) l_[ [NS l_[ ,PS[/-(flj, oo i X)) d)Kf(;)w 1 7+;;
i=1 Jj=1 ¢Kk+ﬂ,— 3.2,2:1 39 12.7 <2.2
p *0 +1.9
PKD o 0.0549 18 1.0 <8.0
+ Np l_[ ?B;j(gljw--agnj;xij)], ¢Z+ 00733 34 16.7 “16
j:l U0, . .
where P, and Py, are the probabilties for everit to bp° 0.8%03 41 200 <13
be signal and continuum background for variabie, dw 0.8722 23 10.2 <2.1
respectively. The probabilities are also a function of b 0.4*14 40 9.7 <12

the parametersf and g used to describe the signal
274
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channels investigated and did not require inclusion in th@ABLE Il. Combined results and expectations from theoreti-
fit. Correlations between input variables were found tocal models.
be negligible, except between the invariant masses of Becay mode B (1075) TheoryB (1075) References

parent resonance and its daughter, which the I|keI|hoo%+ oK 15707 = 02 01-0.7 [3.5,9.10]
function takes into account. o o o5 0.1-04 2510
For each decay mode investigated, the signal probabiﬁ — ok : g [3,5.10]

t s ort <23 0.1-0.7 [3,5,9,10]

ity distribution functions (PDFs) for the input variables B+ L os
are determined with fits to Monte Carlo event sampled — @h™ 2577 +03
generated with aGEANT [16] based simulation of the B’ — w’ <14 0.01-1.2 [3,5,10]

CLEO detector response. The parameters of the bacl’ — o7’ <6.0 0.3-17 (3,10]
ground PDFs are determined with similar fits to a side8’ — wn <12 0.1-0.5 [3,10]
band region of data defined b)AE| < 0.2 GeV and B+ — wk** <8.7 0.04-1.5 [3,5,8]
52 < M < 5.27 GeV/c?. The data samples collected on go _, ,, g*0 <23 0.2-0.8 [3,5]
and below theY(45) resonance are used. The signalg+ _, ,,+ <6.1 1.0-2.5 3,5,8]
shapes used are Gaussian, double Gaussian, and Breit-_, p" <11 0.04 3]

Wigner, as appropriate foAE and mass peaks. For B = wow <19 0.04-0.3 [3.5]
background, resonance masses are fit to the sum of a K+ <05 0.07—1.6 2.3.5-7.9,10]
smooth polynomial and the signal shape, to account fo?0 ¢ o : ' ' e
the component of real resonance as well as the conf — ¢K <3.1 0.07-1.3 [2,3,5-7,10]

binatoric background. FoAE and M background we B" — 7" <05 <0.1 [4-6,9,10]
use a first-degree polynomial and the empirical shap8’ — ¢° <0.5 <0.1 [4-6,10]
@)« M1 — 2Zexd—£(1 — z)], wherez = M/E, B"— ¢’ <3.1 <0.1 [4,10]
and ¢ is a parameter to be fit, respectively. Finally, for B — ¢ 7 <0.9 <0.1 [4,5,10]
F, Sk, and S, we use bifurcated Gaussians (differentB™ — ¢K** <4.1 0.02-3.1 [2,3,5,7,8]
sigma on either side of the mean) for both signal ang® — ¢ x*° <2.1 0.02-3.1 [2,3,5,7]
background. B— $K* <22 0.02-3.1 [2,3,5,7]
~ Sideband regions for each input variable are includeg-+ _, 4 ,+ <16 <0.1 [4,5,8]
in the likelihood fit. The number of events input to the fit 5o _, b p <13 «0.1 [4,5]
varies from 70 to~12000, depending on the final state. ,, _, <9 <01 [4,5]
Table | [17] gives the results for each mode investigatedB $w ’

B — ¢o <12 none

The final statewh™ represents the sum of thek* and
o’ states §* = Kt or #*). Shown are the signal
event yield, the efficiency, the product of the efficiencyThe efficiency is reduced by one standard deviation of its
and relevant branching fractions of particles in the finalsystematic error when calculating the final upper limit.
state, and the branching fraction for each mode, given as For final states which we detect in multiple secondary
a central value with statistical and systematic error, or aghannels, we sum the value gf as a function of the

a 90% confidence level upper limit. The one standartranching fraction and extract the final branching fraction
deviation(o) statistical error is determined by finding the or upper limit from the combined distribution. Table II

values where the quantity? = —2In(L / L1n,), where  shows the final results, as well as previously published
L ax is the point of maximum likelihood, changes by theoretical estimates.
one unit. We find a significant signal forB™ — wK* and

Systematic errors are separated into two major compameasure the branching fractioB(Bt — wK ™) =
nents. The first is systematic errors in the PDFs, whicly1 5707 + 0.2) x 1075, where the first error is sta-
are determined with a Monte Carlo variation of the PDFtistical and the second is systematic. We also find
parameters within their Gaussian uncertainty, taking into

account correlations between parameters. The final like-

3300298-005

lihood function is the average of the likelihood functions T (a)y  TNC 12 (b) ‘
for all variations. The second component is systematic 'g \ % or ]
errors associated with event selection and efficiency fac- :k\z - 1 F 8 ]
tors. The most important individual contributions to the 3 w 6 .
systematic error are from track and shower reconstruction 1{30 @ £ 4 .
and from particle identification PDF shapes. For cases ‘m | \Q‘\ YLl ]
where we determine a branching fraction central value, ® R~ | AN
the final systematic error is the quadrature sum of the two °c G 2 3 0 123 4.5
BB — wK)(10 ) BB—pK™) (107°)

components. For upper limits, the likelihood function, in-
cluding systematic variations of the PDFs, is integrated tgF|G. 2. (a) Likelihood function contours f@#* — wh™; (b)
find the value that corresponds to 90% of the total areahe function—2In £ / Ly = x2 — xmn for B— ¢K*.
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