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We present measurements of the branching fractions and charge asymifvetiges appropriajeof two-
body B decays top''K*, #(p, 7"V 7°, wnC, andé=°. The data were recorded with tBABARdetector at
PEP-II and correspond to 8a10° BB pairs produced ir*e~ annihilation through th& (4S) resonance. We
find significant signals for two decay modes and measure the branching fraif@is— 7K* *)=(25.6
+4.0+2.4)x 10 ® and B(B°— 5»K* %) =(18.6+2.3+1.2)x 10" 8, where the first error is statistical and the
second systematic. We also find evidence with significance f6a third decay mode and measuséB ™
—7pt)=(9.2+3.4+1.0)x10 8. For other channels, we set 90% C.L. upper limitsZB°— 5p°)<1.5
X108, B(B'—7'K*T)<14x10°® B(B’—7'K*%<7.6x107°5 BB'—75'p")<22x10°5 B(B°
— 7' p%<4.3x10°°, B(B°— pm?)<2.5x10° 8 B(B°— 7' 7°)<3.7x10°8, B(B’—wn?)<1.2x1078,
and B(B°— ¢7°)<1.0x 10" ®. For self-flavor-tagging modes with significant signals, the time-integrated
charge asymmetries aré.n(7K* *)=+0.13+0.14+0.02 andA.n( 7K*°)=+0.02+0.11+0.02.
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I. INTRODUCTION u [ 7

f ot " X
We report the results of searches for charged or neutral W+ S+ d B w* v
B-meson decays to the charmless final stdteg nK*, Wb a d g+
i ' 0 /.0 0 0 B i °
7' K*, mp, 'p, n7, p' 7, o, and pm°. For decays —y ey
that are self-tagging with respect to ther b flavor, we also (@) (b)
measure the directCP-violating time-integrated charge
+ +
asymmetry, 3 X i ;3 X P
dn,n’ uP+
F__F+ B+ ﬁaévf g - B+ ‘u?Evt- g _
Aen=p=31+ @) T Tof
U_._u u—._u

() ()

The superscript o corresponds to the sign of ti&" me- .
son or tphe sigre of the charged kaon &t degcays. Through- F,lG; 2. Feynman diagrams for the decdyS—»p" andB"
out this paper, we use'’) to indicate either; or 7’. L

Interest inB decays ton or »' final states intensified in
1997 with the CLEO observation of the decBy- 5'K [2].  color-suppressed tree diagrams for tB8— »("p° BO
It had been pointed out by Lipkin six years earlig] that — 7!")7°, andB°— wx® decays. The color-suppressed dia-
interference between two penguin diagraieee Figs. (a) grams cancel for theg and »" decays and are expected to be
and (b)] and the knownz/7' mixing angle conspire to largely suppressed for the pseudoscalar-vec®W)( B®
greatly enhancB— »'K and suppresB— 7K. Because the — w#® decay. The singlet penguin diagrdffig. 3€)] may
vectorK* has the opposite parity from the kaon, the situa-pe significant only for the decays with an’ in the final
tion is reversed for th8— »'K* andB— »K* decays. The state, and the electroweak pengliffig. 3f)] is the only
gene_ral features of this picture_ h_ave already been verif_ied b¥ontribution for theB°— ¢7° decay(and negligible for the
previous measurements and limits. However, the details anginer decay modgsBranching fractions for all these decays

possible contribution of the flavor-singlet diagrafig. 1(d)] 5. generally expected to be in the range (0.11) ©
can only be tested with the measurement of the branchinEJ6_9] with the B* — 7(")p* decays at the high end of this

fractions of all four (7,7')(K,K*) decays; the branching 0 0. -0 ner-
fraction of theB— »'K* decay is expected to be particularly Lzr;)gses%rr]:et/r\]/ﬁat %iclzg\l)\//stﬁgﬂ:aeﬁg)gv enndB’— ¢ per
sensitivg to a fla}vor—singlet compondmt5]. The tree dia- The charge asymmetryl,, for most of these decays is
gram [Fig. 1(c)] is suppressed by the parameterof the expected to be<10% [6,10]. However, forB— »'K* the

Cabibbo-Kobayashi-Maskaw&KM) mixing matrix. penguin and tree amplitudes are expected to be of similar

By contrast, for theB— 7{")p™ decays, the penguin dia- : : : :
. ) magnitude, which allows charge asymmetries which could be
grams[Figs. 4c) and (d)] are CKM suppressed. Since the in the 20-40% rangd5,8,9,11. Information on charge

internal tree diagrariFig. 2(b)] is color-suppressed, the de- - - ; - ;
cay is dominated by théexternal tree diagram of Fig. @), asymmetries and branching fractions from this full collection

The B® decays are different because there are no external
tree diagrams analogous to FigaR In Figs. 3a) and(b) we 3 w 3 w

o L d d
show the penguin diagrams and in Figgc)3and (d) the °,p° 7,7,w

oﬁ,é,t' g d Oﬂ,é,t' P d
B i B i

/

—_— ,Ww Y 4

d &Y d

(@) (b)

b @ b @
7 n,w

w+ M g4 B0 w+t U
B d d o o
SN N R — Y

d d d d

(© (d)

FIG. 1. Feynman diagrams for the dec@§*>(7],7]’)K*+.
The corresponding neutral decays are similar except that the spec-
tator quark becomes @ the gluon in(b) makesdd, and the tree
diagram in(c) has an internalV. FIG. 3. Feynman diagrams for tt&® decays.
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of B decays can serve to constrain the relationship betweetected and their energies measured by & Tsklectromag-
the various underlying amplitudes. netic calorimeter(EMC). The photon energy resolution is

The results described in this paper complete the measurer. /E={2.3E(GeV)"*®1.9%), and the angular resolution
ment of all four (,7")(K,K*) final states, as well as those from the interaction point isr,=3.9°/JE(GeV). The pho-
with (5, 7")(m,p), with a BABARdataset of 89 milliorBB  ton energy scale is determined using symmettie- yy de-
decays. Current knowledge of the decays discussed hetgiys. The measured® mass resolution forr®’s with labo-
comes from published measurements from CLEQ@-14  ratory momentum in excess of 1 GeV is approximately 8
andBABAR([15]. Results for the final statesy(%’)(K,7) on  MeV.
this dataset have been presented elsewft8¢el7. These Charged-particle identificatiofPID) is provided by the
data represent an order of magnitude increase iBteson  ayerage energy loss Eddx) in the tracking devices and by
sample size over the only previous complete study. an internally reflecting ring-imaging Cherenkov detector

All results are based on extended maximum Ilkellhood(DlRC) covering the central region. TheE¢dx resolution
(M.L) fits as described in Sec. V. .m each analy_S|s, loose CT%rom the drift chamber is typically about 7.5% for pions. The
teria are used to select events likely to contain the desire herenkov angle resolution of the DIRC is measured to be
signal B decay. A fit to kinematic and topological discrimi- 9 . :

) ; . ; ) . .4 mrad, which provides a nearlyr3separation between
nating variables is used to differentiate between signal ang . .

arged kaons and pions at a momentum of 3 GeV. Addi-

background events and to determine signal event yields an ; ) . . .
time-integrated rate asymmetries. In all of the decays anaf-'onal information that we use to identify and reject electrons

lyzed, the background is dominated by random particle com&nd muons is provided by the EMC and the detectors of the

binations in continuum €*e”—qg,q=u,d,s,c) events. Solenoid flux returniFR).

Some decay modes also suffer backgrounds from other

charmlessB decays with topologies similar to that of the

signal. In such cases, these backgrounds are accounted forlll. CANDIDATE RECONSTRUCTION AND B MESON

explicitly in the fit as discussed in Sec. IV C. Signal event SELECTION

yields are converted into branching fractions via selection Wi B i the final (D +

efficiencies determined from Monte Carlo simulations of the 0 e* Oreco(r/l)sttruc (/r)n%son(s,) |n0t e Olna stateiz '

signal as well as auxiliary studies of the data. The completd? 'K*~ 7”p", 7"p", 7@, wm, and ¢m". Monte

analysis is carried out without regard to whether there ar&arlo (MC) simulations[20] of the signal decay modes and

observed signals. This “blind” procedure is used to avoidof continuum andB backgrounds, and data control samples

bias in the results. of similar modes, are used to establish the event selection
criteria. The selection is designed to achieve high efficiency
and retain sufficient sidebands in the discriminating variables

Il. DETECTOR AND DATA to characterize the background for subsequent fitting. As the

The results presented in this paper are based on data cdpvariant mass distributions from the primary resonances
lected with the BABAR detector [18] at the PEP-Il (7', K*, p, », and ¢) in the decay are included in the
asymmetric-energe e~ collider [19] located at the Stan- Maximum likelihood fit, the selection criteria are generally
ford Linear Accelerator Center. The results in this paper corloose. Additional states+° or 7in 7' decays, an& >—are
respond to an accumulated integrated luminosity of approxiselected with the requirement that the invariant mass lie
mately 82 fo!, corresponding to 89 millionBB pairs, Within 2—30 of the known mass.
recorded at th& (4S) resonancé‘on-peak,” center-of-mass
energy s=10.58 GeV). An additional 9.6 fif were re-

corded about 40 MeV below this energpff-peak” ) for the A. Charged track selection
study of continuum backgrounds in which a light or charm  We require all charged-particle tracksxcept for those
quark pair is produced. from the K2— 7" 7~ decay used in reconstructing thB

The asymmetric beam configuration in the laboratorycandidate to include at least 12 point measurements in the
frame provides a boost g8y=0.56 to theY (4S). Thisre-  qrift chamber, lie in the polar angle range 0<4,,,
sults in a charged-particle laboratory momentum spectrunx2 54 rad, and originate from within 1.5 cm in the-y
from B decays with an endpoint near 4 GeV. Charged parpjane and 10 cm in the direction from the nominal beam

ticles are detected and their momenta measured by the congpot. We require the tracks to have a transverse momentum
bination of a silicon vertex trackdSVT), consisting of five - of at least 100 MeV.

layers of double-sided detectors, and a 40-layer central drift ' \we also place requirements on particle identification cri-

chamber, both operating in the 1.5-T magnetic field of a soteria. We veto leptons from our samples by demanding that
lenoid. The transverse momentum resolution for the comyracks have DIRC, EMC and IFR signatures that are incon-
bined tracking system ig, /p7r=0.00197®0.0045, where  sjstent with either electrons or muons. The remaining tracks
the sum is in quadrature arg; is measured in GeV. For are assigned as either charged pion or kaon candidates. This
charged particles within the detector acceptance resultingssignment is based on a likelihood selection developed from
from theB decays studied in this paper, the average detectiodE/dx and Cherenkov angle information from the tracking
efficiency is in excess of 96% per particle. Photons are dedetectors and DIRC, respectively. For the typical laboratory
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o LS RS T T T For »— yy candidates we requirgH,| to be less than
2 1 ¢t — 0.86, wheret,, is the cosine of they decay angle. The decay
5 095 . angle is defined, in they rest frame, as the angle between
E ook L veee h one of the photons and the direction of the boost needed to
=) - . eece LI . get to this frame from th8 center-of-mas$CM) frame. This
g 0851 ¢ s ] requirement removes very asymmetric decays of e
8 0.8~ toe 7] where one photon carries most of the particle’s energy. It is
0.75- H — effective against high-energy background photons fidm
07k ¢ ¢ . —K* y that combine with a random low-energy photon to
0.65 ; . form an invariar/lt ma+ss in the range chosen for f,hem/_
0-6-—....|...................................—_ d_ecay. For then, ..o~ channel, thep— yy mass range is
o 05 ” L5 > 25 3.3 4 tightened to _51@[ m,,<580 MeV to reduce the continuum
p::'-‘ [GeV] background in the sample.
c T T T L T T T C. Photon and =° selection
S 005 —
§ i i Photons are reconstructed from energy depositions in the
E oo04 - electromagnetic calorimeter which are not associated with a
=] i 4 charged track. We require that all photon candidates have an
2 003k | energy greater than 30 MeV except for the mod#87°,
f i { i w7°, and ¢7° where there is significant combinatorial
E 0.02(— HHHH { _ background arising from low-energy photons. For these
R * # 4 modes, we tighten the photon-energy requirement to 50 MeV
001 { i _ for all photons. Forp— y7y, we require each photon energy
3! J to be greater than 100 MeV, and for tipé— p°y modes, we
R RIS S T T T T T T require the photon from the’ decay to exceed 200 MeV.

0 .
0 05 1 L5 2 25 3 We select neutral-pion candidates from two photon clus-

ters with the requirement that they invariant mass satisfy

FIG. 4. Identification(ID) efficiency of the charged kaon selec- 12,O< mﬂ°_< 15,0 MeV. The mgss of a° cand@ate meeting
tion as a function of the kaon laboratory moment&#§f (top), and this criterion is then constrained to the nominal val@g]
fraction of charged pions misidentifiéthis-ID) as kaons as a func- and, when combined with other tracks or neutrals to forth a
tion of the pion laboratory momentuR® (bottom). The error bars ~ candidate, to originate from ttigcandidate vertex. This pro-
represent statistical uncertainties in the control sample of kaons angedure improves the mass and energy resolution of the parent
pions fromD* — D%, D°— K decays. particle.

. _ _ For the primary#° in 5{")#° decays, photon candidates

momentum spectrum of the signal kaons, this selection hagre required to be consistent with the expected lateral shower

an efficiency of about 85% and a pion misidentification rateshape, and the magnitude of the cosine oftalecay angle
of less than 2%, as determined from control sampleB bf (defined as for they) must be less than 0.95.

—D%, D°—K events. The detailed performance of the
kaon selection has been characterized as a function of labo-
ratory momentum and can be seen in Fig. 4.

330 ¢
P." [GeV]

D. K° selection

For decay chains containing?, we reconstruct only the
B. ), @, and ¢ selection KJ—m* 7~ decay. The invariant mass of the candidéfes
required to lie within the range 488m_.+ .- <508 MeV. We
also perform a vertex-constrained fit to require that the two
tracks originate from a common vertex, and require that the

We reconstruct they in two final states:np— vyy (7,,)
and p— a7 70 (53,). For the ', we reconstruct two

. ! 0 ! ’ + - ’ .
final statesz’—p~y (1,,) andn’ —nm" 7= (7,77), WIth  peoine significance of th&2(7/o,) be>3, whereo, is the

H ’ *x0
vy (exceft n tohe"n(Sw)moK moode, where we also uncertainty in the lifetime determined from the vertex-
include p— 7" 7~ 7). IntheB"— wm" channel, we recon- ., nstrained fit.

struct w— a7 7% for B°—¢n° we reconstruct ¢

—K*"K™. We place the following requirements on the in-
variant masses of the resonance candidétedeV): 520

<m,, <570, 496<m, <600, 916<m, <1000 for 7, We reconstruct thek** as eitherK " 7% (K{; o) or
and 7., 735<m,<835, and 99€m,<1050. These K" (Kig ), andthek*®asK*n~ (K2 ). Thep" is
ranges can be seen graphically in Fig. 8 in Sec. VIB. Thaeconstructed ag* ° and thep® as#* 7. A vertex fit is
mass requirements for these resonances are loose to kep@rformed when reconstructing the resoniédfitor p candi-
appropriate sidebands for fitting; the resonance shapes usddte. We require the invariant massgsMeV) of the reso-
for fitting are discussed in Sec. VI. nance candidates to be in the ranges: <B% <1035,

E. K* and p selection
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470<m_+,0<1070, and 51&m_+_.-<1060. The lower IV. SOURCES OF BACKGROUND AND SUPPRESSION
limit on the p° candidate invariant mass is chosen to reject TECHNIQUES
background froan decays.

For decay chains involving a chargid or p, we define
'H, the cosine of the angle between the pion and the negati
of the B momentum in the vector-meson rest frame. por
decays, the direction is that of the. For p° decays, we use
only the magnitude o, which is independent of the choice
of reference pion. For these decays withr& in the final
state, we require that{ be greater thar-0.5 to reject com-
binatorial background.

Production ofBB pairs accounts for a relatively small
\féaction of thee*e™ cross section even at the peak of the
Y (4S) resonance. Upsilon production amounts to about 25%
of the total hadronic cross section, while tau-pair production
and other QED processes occur as well. We describe below
several sources of background, and discuss techniques for
distinguishing them from signal.

A. QED and tau-pair backgrounds

F. B meson selection Two-photon processes, Bhabha scattering, muon-pair pro-

A B-meson candidate is characterized kinematically byduction and tau pair production are characterized by low
the energy-substituted mass=g and by the energy differ- charged track multiplicities. Bhabha and muon-pair events
enceAE, defined as are significantly prescaled at the trigger level. We further

I 2 suppress these and other tau and QED processes via a mini-
S \/ 3 S+ Do~ps) 2 @) mum requirement on the event track multiplicity. We require
ES Eq the event to contain at least one track more than the topology
and of our final state, or three tracks, whichever is larger. We also
place a requirement on the ratio of the second to the zeroth
AE=(2qqu—s)/2\/§, 3 Fox-Wolfram moment$23], R,<0.98, calculated with both
whereqg=(Eg,pg) andgy=(Ey.po) are the four vectors of charged tracks and neutral energy depositions. These selec-
the B candidate and the initial electron-positron system, relion criteria are more than 90% efficient when applied to
spectively, ancs is the square of the invariant mass of the signal. From MC simulations we have determined that the

electron-positron system. When expressed in h@S) remaining background from these sources is negligible.
frame, these quantities take the simpler but equivalent form

B. QCD continuum backgrounds

1
Mgs= ZS_ p’gz (4) The primary source of background to all charmless had-
ronic decays of th& meson arises from continuum quark-
and antiquark production. The fact that these events are produced
. well above threshold provides the means by which they can
AE=Eg— P Vs, ) be rejected, as the hadronization products are produced in a

jet-like topology. In strong contradB mesons resulting from
where the asterisk denotes the value inY{@S) frame. The Y (4S) decays are produced just above threshold. Thus the
mode-dependent resolutions on these quantities for signéihal-state particles in the signal are distributed approxi-
events are about 3 MeV fangg, and 30—60 MeV foAE. mately isotropically in the CM frame.

We require 5.26mgs<5.29 GeV and|AE|<0.2 GeV Several event-shape variables are designed to take advan-
for all but the ") #° w®, and ¢7° modes, where we tage of this difference. We define the thrust axis for a collec-
loosen theAE range td AE|<0.3 GeV to account for poorer tion of particles as the axis that maximizes the sum of the
detector resolution in these channels. magnitudes of the longitudinal momenta with respect to the

When multipleB candidates from the same event pass theaxis. The angle&); between the thrust axis of tlizcandidate
selection requirements, we choose a single candidate basadd that of the rest of the tracks and neutral clusters in the
on criteria described below. The average number of candievent, calculated in th& (4S) frame, is the most powerful
dates per event depends on the mode; it is typically about 1.8f the shape variables we employ. The distribution of the
and is always less than 1.5. We find that 70—90 % of themagnitude of co#; is sharply peaked near 1 for combina-
events have a single combination and about 90% of the resions drawn from jetlikeqq pairs and is nearly uniform for
have two combinations. In decays containingzpand aK* the isotropicB-meson decays. This behavior is shown in Fig.
or p, we select the candidate with the smallgétformed 5. The selection criterion placed on afsis optimized for
from the » and K* or p masses. For decays containigg  each channel to maximize our sensitivity to signal in the
—yat ™, thex? is formed from the masses of thg and  presence of continuum background and to reduce the size of
7 candidates. For all other decays, we retain the candidatine sample entering the fit. The optimization procedure is
that has the mass of the primary resonang€)( o, or ¢)  described in Sec. VII. The maximum allowed value of
closest to the nominal valy®2]. We have checked that this |cosé| chosen for each signal mode is listed in Table I.
choice introduces no significant yield bias, in part because, Further use of the event topology is made via the con-
for the primary resonance mass, there is an adjustable pea&truction of a Fisher discriminai®, which is subsequently
ing component included in the fit, which would account forused as a discriminating variable in the likelihood fit. The
any small distortion due to this selection. Fisher discriminant we use is an optimized linear combina-
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FIG. 6. Distributions of Fisher-discriminant output for the data
FIG. 5. Distribution in|cosé;| for a typical B meson decay control modeB™— D7, D°—K~ 7" x° (points with error bans
(B°—7,,m° MC, solid pointg and for the corresponding con- corresponding signal Monte Carlgsolid histograny continuum
tinuum background datéopen circles data(open circley and continuum Monte Carl@ashed histogram
after requiring|cosé;|<0.9. The Fisher discriminant arjdosé|

tion of the remaining event shape informati¢excluding  are strongly correlated, so the separation depends on this require-
cosér, which we have already used in our preselection rement.
quirements The variables entering the Fisher discriminant
are the angles with respect to the beam axis oftlheomen- BB events corresponding to several times the number of
tum andB thrust axis[in the Y (4S) frame], and the zeroth  sych events in the dataset. When we find an indication of a
and second angular momerits , of the energy flow about high selection rate for a particular background decay mode,
the B thrust axis. The moments are defined by==p;  we use the experimentally measuréghen availablg or
X|cos@', whereg; is the angle with respect to ttthrust  theoretically predicted branching fraction of that mode to
axis of track or neutral clustey p; is its momentum, and the determine its expected contribution. Fits to simulated experi-
sum excludes th8 candidate. The coefficients used to com- ments such as those described in Sec. VIl are used to evalu-
bine these variables are chosen to maximize the separatiefie whether such events cause a significant bias to the mea-
(difference of means divided by quadrature sum of ejrorssured signal yield. Based on these studies, we have adjusted
between the signal and continuum background distributiongwhile still blind) some selection criteria and in some cases
of Lj, and are determined from studies of signal MC andadded a component to the ML fit to account explicitly for the

off-peak data. We have studied the optimization/ofor a  remainingBB background contributions. Systematic errors

variety of signal modes, and find that the optimal sets ofycoynt for the uncertainties in this method. The details of
coefficients are nearly identical for all. Thus we do not re-yis procedure are described below.

optimize the Fisher coefficients for each individual decay.
Because the information contained #is correlated with
|cosé;|, the separation between signal and background is
dependent on thigosé;| requirement made prior to the for-  We use an unbinned, extended maximum likelihood fit to
mation of . In Fig. 6, we show the Fisher-discriminant dis- extract signal yields for our modes. A subsample of events to
tribution for signal and continuum background for tBe fit for each decay channel is selected as described in Sec. Ill.

V. MAXIMUM LIKELIHOOD FIT

— D%~ control sample. The sample sizes for the decay chains reported here range
from 700 to 30 000 events, where we include sidebands in all
C. BB backgrounds discriminating variables in order to parametrize the
backgrounds.

Most charmless hadroniB-decay analyses do not have
much background from othd8 decays. Specifically, since
most B mesons decay via—c transitions, the strange and
light meson decay products from such decays result foom  The likelihood function incorporates several discriminat-
—c—q cascades, and thus have lower momentum thaing variables to distinguish signal from the large number of
those expected in the signal final states. This small backeackground events retained by the sample selection. We de-
ground is included in ouq background PDF shapésee  scribe theB-decay kinematics with two variableaE and
next sectioh since the shapes are extracted from on-peaknes (as defined in Sec. llIlf- We also include the mass of
data. the primary resonance candidatae,(, m,,, Mg« , m,, m,,

We have found, however, that some of the signal modesr m,;) and the Fisher discriminanf. For the vector-
(see Table Il in Sec. IXdo suffer from backgrounds from pseudoscalar modes withet, p, w, or ¢, we also include in
charmless hadronic decay modes. We investigate backhe fit the helicity cosingt of the vector meson. For the*,
grounds that may not be completely suppressed by the seleg; and¢, H is defined in Sec. Il E. For thB°— w7 decay,
tion criteria defined in Sec. 11l with Monte Carlo samples of H is defined as the cosine of the angle between the normal to

Likelihood function
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the w decay plandthe plane of the three pions in therest
frame and the flight direction of thew, measured in the
rest frame.

Because correlations among the discriminating variabless [
(except resonance mass ahfifor background in the se- <[
lected data are small, we take the probability distribution
function (PDPF for each event to be a product of the PDF's
for the separate discriminating variables. We define hypoth-
esesj, wherej can be signal, continuum background, or [ g

| Il |

(where appropriajeBB background. The PDF's can be writ- .=~ — . - » ol o ol
ten as mgg [GeV] AE [GeV]

(a)

rbitrary scale
T

P}:Pj(miEs)Pj(AEi)Pj(ﬁ)Pj(miP)Pj(mi\/:Hi)y (6) FIG. 7. Distributions of(a) mgs and (b) AE from the B~
— o~ D° data sample used to determine the small corrections to
wheremp indicates the pseudoscalar candidate mass in the féignal Monte Carlo PDF shapes.
(absent forB®— wm® and B®— ¢7° modes and my, indi-
H 1) .0
cates the vector candidate magabsent for then7®  fo decays with @ — 7" 7, though sufficient background
mo_?ﬁ?)-l_k ihood function f hd o remains to be included in the fit. For all other modes except
e likelihood function for each decay mode Is B°— ¢7°, we include aBB component in the fit. The fit
exp—=.Y) N . number ofBB events is a small fraction of the total sample
L= T’JH > Y7, (7)  and is tabulated in Table Il in Sec. IX.
' b The PDF's forBB background are determined by fitting a
whereY; is the yield of events for hypothesjigto be found sample of MC events composed of several charmless decay
J ; ; chains, with the PDF shapes described below. For #he
by the fittep) andN is the observed number of events in the ' S . e
sample. The first factor takes into account the Poisson fluc=>yy channels, theBB background is dominated b

tuations in the total number of events. —K*y decays, even after thg decay angle requirement,
due to the relatively largekK* y branching fraction (40
V1. SIGNAL AND BACKGROUND MODEL X 10" ®). For theB— 5p channels, the largest backgrounds

are from7K* decays, with misidentification of the charged
We determine the PDF's for signal from MC distributions kaon or loss of the kaon while selecting a pion from the other
for each discriminating variable. The PDF's f8B back- B. For the ' channels, the dominant backgrounds in all
ground (where appropriafearise from fitting the composite modes, except fov;;,/p, arise fromB— 7'K decays, due to

BB MC sample, described in Sec. VIA. For the continuumthe relatively large branching fraction~(70x 10~°). An-
background we establish the functional forms and initial pa-other important background for the, K* channels, is
rameter values of the PDF’s with data from sidebandmgg ~ K* p° decays, where theis combined with a photon to fake
or AE. We then refine the main background parametexs  an»’. For then; p and 77'y770 modes BB backgrounds are
cluding resonance-mass central values and widiisallow-  primarily from B™ —p*p® andB°—p*p~ decays. For the
ing them to float in the final fit so that they are determined bydecays with a primary;—o, the largest backgrounds are from
the full data sample. The following sec_tions describe first thes*—, (")p* and B*—wp™ decays, where due to the
construction of samples to represéBB background, and forward-backward peaking of the® # distribution, them®
then the control samples used to validate the PDF shapes aisloften energetic and the charged pion is lost.

make adjustments to the means and widths of the distribu-

tions where needed. Finally we describe the detailed func- B. PDF corrections from data control samples

tional forms used to parameterize all of the signal and back-

ground distributions We validate the simulation on which we rely for signal

PDF’s by comparing critical distributions of discriminating
_ variables in MC with those from large data control samples.
A. Inclusion of BB background in the fits For mgs and AE (see Fig. 7, we use the decay8~
As discussed in Sec. IVC, backgrounds from other—7 D°andB~—p~D° with D°—K™ 7" 7° which have
charmles$ decays need to be accounted for explicitly in theSimilar topology to the modes under study here. We select
maximum likelihood fit for some decay chains. these samples by making loose requirementsnmgg and
Since we find that the signal yield bias dueB® back- AE, and more stringent selections on gpsand theD® and

ground for they, K* channels is less than 1% of the signal P candidate masseas appropriate We also place kinematic

ield d tinclude BB t for th d requirements on thB andB daughters to force the charmed
yleld, we do not include component for these modes. decay to look as much like that of a charmless decay as

For all modes with aK* ' —K"#° decay, nearly alBB  possible without eliminating the control-sample signal.
backgrounds are removed by the requiren®¢ht—0.5. This  These selection criteria are applied both to the data and to a
requirement is also helpful in reducing tBB background MC mixture of relatedB— DX andB— D* X decays, which
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C. mgg parametrization

The signal distribution inmgg is parametrized by two
Gaussian functions centered near the mass oBtheeson.
The second Gaussian typically accounts for less than 20% of
the total area, and has a larger width to take into account the
tails of the distribution, which arise primarily from misrecon-
:015 055 051 056 058 0.6 50.'92 09 096 098 structed signal events. In continuum background, we model
m, [GeV] m,, [GeV] mes by a phase-space-motivated empirical functj@a] of
the form

Arbitrary scale

f(x)oex\1—xZexd — &(1—x?)], (8

where we define<=2mgg/+/s, and ¢ is a parameter deter-

2 ER ] mined by the fit. Ingbackground samples, we find that the

a 1 T 8 Mg distribution is well described by adding a simple Gauss-

TR 5E e : ian function to the empl_rlcal shape in E_(B); a similar al-_ _
my- [GeV] m, [GeV] ternate form of a Gaussian convolved with an exponential is

used for some channels.

Arbitrary scale

D. AE parametrization

For AE, we fit the signal distribution with two Gaussian
functions, both centered near zero. The broad Gaussian has a
width about five times larger than the narrow Gaussian; this
accounts for energy loss before or leakage out of the EMC,

Arbitrary scale

B IANSEEEER ERECTSE

074 076 078 08 082 1 101 102 103 104 as well as incorrect candidate combinations in true signal
m,, [GeV] m,[GeV]  events. The broad Gaussian component becomes larger as

more of the final state energy is carried by neutral particles.

e"{he primary Gaussian function accounts for about 60—80 %

FIG. 8. Distributions of the candidate masses for resonant d
cays from the on-peak sideband samples in data that are used

. ,) . . _
describe the signal PDF shap@ege Secs. VIF and VIGFor each O? the total area |(r)1 all modes_ excepf p where it is be
distribution a real resonance signal component is evident above veen 30 and 60 %. For continuum background, we model

combinatorial background componefa: and b the four () can-  the AE distribution with a linear or quadratic polynomial as
didate mass combinations from thp and ' p samples;c) K* required by the data. ThBB background is described well
candidate mass from thg, K* sample;(d) primary p candidate by two Gaussian functions peaking at negatip®sitive)
mass from ther; p sample;(e) » candidate mass from them®  AE, accounting for backgrounds that have a larganalle)
sample; (f) ¢ candidate mass from theé=° sample. In(a) the  number of tracks and neutrals in the final state than the
arrows indicate the narrower mass requirement for the  sjgnal.

— a7 70 decay. The same range is used even for the narrower

n'— nat @~ distribution, shown as the lower plots (h). For the E. Fisher parametrization
K* andp cases, we do not show both charges since the distributions ) ' . o
are very similar. For both signal and background, the Fisher distributton

is described well by a Gaussian function with different
. . widths to the left and right of the mean. For the continuum
simulates the crossfeed from*—D® decays 'observed n background distribution, we also include a second Gaussian
data. From these control samples, we determine small adjusgction with a larger width to account for a small tail in the
ments to the mean value of the signals distribution and t0  gjgna|  region. This additional component of the PDF is
the resolution of theAE distribution compared with Monte important, because it prevents the background probability
Carlo. For 7 we use parameters found from a sample offrom becoming infinitesimally small in the region where sig-
approximately 500B" — 7, K" events, with a coé; re-  nal lies. As shown in Fig. 6, the mean of the continuum
quirement matching that used for each signal mode. background distribution is approximatelygreater than the
For the mass shapes of the resonances, we study inclusivieean of the signal peak, allowing for strong discrimination
resonance production in the off-peak data and correspondingetween the two. BecausE describes the overall shape of

continuum MC. In each sample, we reconstruct resonancge event, the distribution f@B background is very similar

Cardidiﬁ? i”VOZ%d in OCLI{;I final sta:es, riqlugmGg i‘/f{“i”irg“”:to the signal distribution; hence this variable has little dis-
value of the candidate momentum of 1.9 GeV to reflect . . . .
the kinematics of our final states. The resolutions and meancs”mm":ltIng power againgB background.
of the invariant mass distributions are compared, and we
adjust the means and widths of PDF parametrizations based
on the outcome of these results. A typical mass distribution The pseudoscalar candidate mass distributions for signal

for each resonance is shown in Fig. 8. are described well by the sum of two Gaussian functions. We

F. Pseudoscalar mass parametrization
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use MC values for the means and widths of these Gaussians, The requirement that charged tracks ha4e>100 MeV
corrected where necessary by using samples such as tha&ec. Ill) can induce a “roll-off” effect neaf{ values of+1.
shown in Fig. 8. In continuum background, we fit the dataln particular, for decays of K* or p with a charged pion, the
with two Gaussian functions, where we fix the means andelicity distribution of the vector meson shows a character-
widths to those used for signal, and include a linear or quaistic roll off in the region populated by low-momentum
dratic term to account for nonresonant background. The fragsions. This effect is absent for charged kaons since there are
tion of resonant to nonresonant background is allowed tmo kaons withpr<<100 MeV. We model the roll-off in both
float in the final fit. When there is no discernible resonantthe signal and backgrourfd distributions by multiplying the
component, as im’ — p°y, floating this parameter can cause primary PDF shape by an appropriate Fermi-Dirac threshold
convergence issues in the final ML fit. If validation studiesfunction. The parameters of this roll-off function are con-
show this effect, the resonant fraction is fixed in the finalstrained to be the same for signal and both background com-
analysis. ForBB background, we use the same functionalPonents. Because thehelicity angle is defined from a three-

Y -0 o :
form as in continuum background; whether or not there is ody decay p—a"m ), there is litle correlation

— etween low-momentum pions and helicity angle, and hence
true resonant component BB background depends upon |, significant roll off.
the charmless decay chains expected to contribute.

VII. FIT VALIDATION
G. Vector mass and helicity parametrization
Before applying the fitting procedure to the data to extract

In pseudoscala_r-_vector decgys_ of _Iheneson, the Vector e signal yields we subject it to several tests. Internal con-
meson has a helicity-angle distribution proportlonalﬂé_ _ sistency is checked with fits to ensembles of “experiments”
for true signal events. We model the vector-meson heliCityyenerated by Monte Carlo from the PDF’s. From these we
distribution for signal with a polynomial times a threshold estaplish the number of parameters associated with the PDF
function that allows for the effects of acceptance. The signakhapes that can be left free in addition to the yields. En-
K* and o invariant-mass distributions are described bysemble distributions of the fitted parameters verify that the
Breit-Wigner shapes. Thé andp line shapes are found to be generated values are reproduced with the expected resolu-
modeled well by two Gaussian functions; these do not fition. The ensemble distribution of Iy itself provides a ref-
well to a Breit-Wigner shape because of non-negligible masgsrence to check the goodness of fit of the final measurement
resolution(¢) or misreconstructed candidates in real signal once it has been performed.
events(p). For thep and other wide distributions there is as ~ We account for possible biases due to neglecting correla-
much as 10% loss of efficiency due to the effect of the mas§ons among discriminating variables in the PDF’s by fitting
range requirements; this effect is included in the overall efensembles of experiments into which we have embedded the
ficiency estimate and its uncertainty is included in systemati€xpected number of signal events randomly extracted from
errors discussed in Sec. X. See Fig. 8 for illustrations ofhe detailed MC samples, where correlations are modeled
these distributions. fully. We find a positive bias of a few events for most modes,

Because the shape of the helicity angle can be differer®S Shown in Table I. Events from a weighted mixture of
for continuum background with and without a true vectorSimulatedBB background decays are included where signifi-
resonance, we use a two-dimensional PDF to describe tH&ant, and so the bias we measure includes the effect of cross-
resonance mass distribution and the helicity-angle distribuféed from these modes. _ _
tion. We would expect that the backgrouhtiwould have a For modes with low background and small signal yields,
nearly uniform distribution, corresponding to a sum of com-the ensemble yield distribution may exhibit a significant
binatorial resonance background and background of trugegaﬂve tail. This |s'due. to the nature of th? maximum like-
resonances from various production mechanisms. We fin hood method, which is known to be biased for small

that the pure-background shape is modeled well by a SeConsaamples. The source of the bias is the insufficient number of

order polynomial with only a small amount of curvature andevents for which the probability for the signal hypothesis is

. larger than the probability for the background hypothesis.
the true-resonance component is a separate low-ord 9 P y 9 yp

®Fhis results in a negative bias, which is taken as the mean of

polynomial shape. The mass parameters for the truey,q yielq distribution from the fits to the ensembles described

resonance component are fixed to be the same as for t%ove. Examples of modes with negative bias can be found
signal. _ in Table I. By subtracting the bias we correct for this effect
The BB background component dft is modeled by a on average, and we include the uncertainty as a systematic
single fourth-degree polynomial. We parametrize the resogrror,
nance mass distribution with two Gaussian functions p|US a This same procedure for generating and f|tt|ng S|mp||f|ed
linear or quadratic polynomial, allowing the means andMcC samples is used to find an optimal selection requirement
widths of the Gaussians to float if the resonant component ofor the coss; variable in the early stages of each analysis.
the background differs from the signal resonance. This isthe studies are performed for a range of selection values, to
especially necessary whdBB background arises when a minimize the fractional error on the signal yield. The optimal
misidentified kaon from aK* causes its reconstruction values of the cog; requirement that are chosen are given in
as ap. Table I.
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TABLE I. For eachB decay chain we present the optimized cies and those simulated in Monte Carlo. From a study of
|coséy| requirement, the number of on-peak events passing the preabsolute tracking efficiency, we apply a correction of 1-7 %,
selection requirements, and the fit biés determined from simu-  depending on the number of charged particles in the decay
lated experimentgthe uncertainty on this bias is discussed in Sec.channel and assign a systematic error of 0.8% per track. The

X). Kg efficiency correction is taken from an independent study
L of the vertex-displacement dependence of the efficiency for
#Events  Fit bias,Y, . . 0
o inclusive samples dk; mesons from the data and from MC.
Mode Max|cosfy] in fit (eventy : .
The overall correction for the topologies represented by our
Bt —pK** decays is 0.9710.030. For the six decays with a prima#y
Ny Ko 0.90 7573 4.7 and the four with &* * or p* decaying to a final state with
n3KEa 0.90 4132 1.7 an energetier’, we determine a correction from a sample of
7K +’TO 0.90 4974 0.1 tau decays. For these cases, the efficiency is 6-11%
YY YKt ) :
73sKE T o 0.90 2835 0.3 lower for data than MC.
BO‘) 7]K*0
73K*° 0.90 6440 18 The branching fraction for each decay chain is obtained
B —np* from
Nyyp " 0.80 17084 1.3
Nanp " 0.90 16106 1.0 B Y=Yy, ©
B%— 7p° ellIBNg’
7y,P° 0.70 11107 -1.0
N3np° 0.80 8347 2.3 whereY is the yield of signal events from the flt,, is the fit
B— pm° bias discussed in Sec. VII and given in Tableeljs the
NyyT° 0.80 5379 -11 efficiency, 5; is the branching fraction for thigh unstableB
Nam® 0.80 2971 0.7 daughter B; having been set to unity in the MC simulatjon
P and Ng is the number of produceB™ or B® mesons. The
B =7 K*+ values of5; are taken from Particle Data Group world aver-
[ Gt 0.90 2973 —4.5 ages[22]. The number of produceB mesons is computed
7, Ko+ 0.75 13299 3.6 with the assumption of equal production rates of charged and
7K 0 0.90 2009 0.0 neutralB pairs[24].
7 Kil o 0.75 8205 0.6 In Table I, we show the results of the final ML fits to the
BO— 5'K*© on-peak data, with the yields for signal aB& background,
- 0.90 4808 -3.7 where applicable. The latter is often uncertain due to the
ﬂ;](sﬁ)mK*O 0.90 695 1.7 large correlation with thegq background component, but
7;,’,7K*° 0.75 20504 4.2 th'is uncertginty is not problematic becayge th_e correlation
B*—y'p® with signal is small. We also show the efficiencies, daughter
7 p* 0.90 8737 21 branching-fraction products, and _es_timated _e_ﬁective purity
777’ ot 0.65 28933 78 of the sample. We report the statistical significance for the
0" o B individual decay chains and display the significance includ-
B%— »'p 0.90 9515 3.7 X . > < . ;
BO_ 1/ 70 ing systematic uncertainties for the combined result in each
7 o channel. The purity is the ratio of the signal yield to the
n, T 0.90 3491 -35 . . . . .
(AN 0.70 11426 28 effective background plus signal; we estimate the denomina-
Toy™ ' : tor by taking the square of the uncertainty of the signal yield
BO— 7 0.80 18986 21 as the sum of effective background plus signal. Where the
5 5 signal yields are small the purity is not very meaningful, so
B —¢m 0.90 4840 -11 we do not report the purity if it is below 10%. Branching

fractions are given for individual fits to each submode as
well as the result of combining several submodes. Since the

Finally, we apply the fit to the off-peak data to confirm |atter procedure involves systematic as well as statistical er-
that we find no fake signals in a sample with no signalrors, we defer the description to Sec. XI. The final column in
events. Table Il gives the charge asymmetryd{,), as defined in
Sec. I.

The statistical error on the yield is given by the change in
the central value when the quantity2 In £ increases by one

The efficiency is determined by the ratio of the number ofunit. The statistical significance is taken as the square root of
signal Monte Carlo events passing preselection to the totahe difference between the value of2 In £ for zero signal
number of generated MC signal events. This efficiency isand the value at its minimum. The 90% C.L. upper limit
corrected for differences between the true detector efficienquoted in Sec. Xlll is the solutiofy, to the equation

VIIl. EFFICIENCIES AND EFFICIENCY CORRECTIONS
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TABLE II. Fitted event yields Y = signal yield,Ygg=BB yield), purity (P, see text, efficiency(e), daughter product branching fractions
(in percent, significanceS(o) (which includes systematic errgydit branching fractions, 90% C.L. upper limits, and charge asymmetries.
Also shown are the results of combining daughter decay chains where more than one contribute. For the final branching fraction and charge
asymmetry results, the systematic errors are also given.

Mode Y Va5 P(%) € ns S B(107%) UL (1079 Ach
B — pK** 9 25.6:4.0+2.4 +0.13+0.14+0.02
7y, Ko+ 46+12 2515 35 240 90 49 226 +0.03£0.24
NaaKio + 27+8 45 171 52 50 3310 +0.46' 523
7, K o 30+9 45 88 131 57 298 -0.11+0.28
N3-KEL o 10+5 43 66 75 32 2211 +0.37° 04
BO— 7K*© 11 18.6:2.3+1.2 +0.02£0.11+0.02
7,,K*° 125+ 16 5+19 50 244 263 101 263 +0.12£0.13
73,K*0 32+9 47 165 151 5.0 144 —0.39+0.25
B*—np* 35  9.2:3.4+1.0 <14
7yp " 32+15 -3+19 14 107 394 25 84
Namp " 21+11 3+11 17 86 226 24 126
BO— 77p° - -1.1°%3{x04 <15
7y,p° —-18+18 6738 <10 27.1 394 - —2%2
73.P° —2+4 26+ 10 <10 182 226 - —-1x1
BO— nw° 0.8 0.7°55x0.3 <25
7, T° 1+7 -2+9 <10 193 394 03 a1
NamT° 8+7 -8+5 15 149 226 11 22
BT —p/K** 1.9 6.3738+1.8 <14
7K on+ —-8+4 2911 <10 175 40 - -5+6
7Koot 16+9 17+12 22 135 68 1.7 1511
N e n Kt 0 3+3 13 70 58 17 &7
" Kiei o 5+7 <10 56 98 06 & 14
BO— 7'K*0 2.1 4133+ 1.2 <7.6
No(yyymn 0+4 18+10 <10 178 116 1.0 22
A 11+5 18+9 47 122 67 20 187
7, K* 15+ 10 80+ 25 17 140 197 1.3 54
B —7'p 26 1298220 <22
i 16+8 25 84 175 21 116
nh,p" 48+23 61100 <10 65 295 17 2413
B— 7' p° —1=4 5321 <10 197 175 05 0.8°}7x0.9 <4.3
BO— ' m® 0.7 1.0°14+0.8 <3.7
N T -2=3 —8+4 <10 185 175 0.4 1
), m° 1714  —38+78 <10 139 295 11 44
B'— wn® -9=8 9+18 <10 159 89.1 —-0.6'0:+0.2 <1.2
B— ¢par° 2+4 <10 286 492 07 02'93+0.1 <1.0
fggo./:(b)db the full fit without the »— "~ ° signal component. We

12 £(b)db =09,

(10

make these plots by selecting events with the ratio of signal
to total likelihood(computed without the variable shown in
the figure exceeding a mode-dependent threshold that opti-

where £(b) is the value of the maximum likelihood for
branching fractiorb.

In Figs. 9-11 we show projections of all fit discriminating sequences.
variables for thenK* and »p™ modes. Points with errors

represent data, solid curves the full fit functions, and dashed

curves the background functions. Since the>yy and 7

mizes the expected sensitivity. The selection retains a frac-

tion of the signal yield averaging about 70% across the decay

=~ w° components have very different resolutions, for

X. SYSTEMATIC UNCERTAINTIES

We itemize estimates of the various sources of systematic
the -candidate mass plots we indicate with a dashed curverrors important for these measurements. Tables llI, IV, and
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FIG. 9. Projections of th@&-candidate discriminating variables FIG. 11. Projections of thB candidate discriminating variables

for B*— yK* *: (a) mgg; (b) 7 candidate massp) AE; (d) K** for B"—np*: (@ mgs; (b) » candidate massic) AE; (d) p*

candidate massg) Fisher discriminant output; and) K** helic- candidate masgg) Fisher discriminant output; and) p* helicity.

ity. See text for explanation of the points and curves. See text for explanation of the points and curves.

V show the results of our evaluation of these uncertainties.
We tabulate separately the additive and multiplicative uncer-
tainties. That is, we distinguish those errors affecting the Fit yield (U): Uncertainties due to imprecise knowledge

efficiency and total number dBB events from those that Of the background PDF parameters are included in the statis-
concern the bias of the yield, since only the latter affect thdical errors since the main parameters are allowed to vary in
significance of the result. The two types of errors are comihe nominal fits. We have investigated the small correlations
parable for modes with substantial yields but the additivedmong background parameters and find these to have a neg-
errors dominate when the yields are small. Additionally weligible effect on signal yields. We include the uncertainty for
distinguish between those uncertainties that are correlatefte signal PDF parameters by determining the yield varia-
among different daughter decays of the same m@eand tions as individual parameters are varied by uncertainties de-
those that are uncorrelatétd). This distinction is relevant termined from fits to independent control samplsse Sec.
when multiple decay chains are combiriede Sec. X1 The ~ VIB).

final row of the table provides the total systematic error in  Fit bias (U): This uncertainty is taken from the validation
the branching fraction for each of the submodes. procedure described in Sec. VII. We combine in quadrature

terms, in order of relative importance, frofa the positive

oy "] bias(due to parameter correlationgb) the negative bias for

+ small event yields(c) a small contribution from the model-
ing of the combinatorial component in signal, afd the
- . e statistical uncertainty in the determination of the bias. The
Y52 053 0s4 055 0s6 057  first uncertainty(a) is taken to be one half of the positive
My (Glev) bias, and the secontb) to be one half of the difference
between the peak and mean yields of the ensemble distribu-
tions. Contributionc) is small for all modes; we determine it
using a comparison of Monte Carlo and data for e
— 7~ DO control sample.

BB background (U):The BB background component, in-
cluded in the fit for most decay chains, accounts for most

150 uncertainties fronBB background. We assign an additional
+ ] uncertainty to account for modeling of this background. For
S[f g e 7 the high-backgrounds’p* decay this involves explicit
05 o0 o5 1 variation of the model. For the other modes it is taken to be
K* Helicity 50% of the difference in the signal yields when background
FIG. 10. Projections of thB candidate discriminating variables is varied by its uncertaintf100% of the estimated effect

for B— 7K*%: (a) mes; (b) 7 candidate mass) AE; (d) K*©  when aBB background component is not included in the fit
candidate masse) Fisher discriminant output; ar K*° helicity. ~ and a contribution to account for uncertainty in the effect of
See text for explanation of the points and curves. the b—c background.

A. Additive systematic errors
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TABLE lIl. Estimates of systematic uncertainties in the branching fractiorBfer )K* andB— 5p decays. We distinguish between
additive and multiplicative errors as well as errors that are correl@gedr uncorrelatedU) among the submodes.

Quantity nK** nK*© np* 7p°
n decay 0% 3 0% 3 vy 3 vy 37 0% 3w
K*, p decay KOz KOz K* a0 K* a0 Ko™ Kfm™ a0 a0 ata ata”

Additive errors(events

Fit yield (U) 2.1 0.7 0.4 0.3 2.2 2.3 2.3 0.2 5.2 0.9
Fit bias (U) 2.5 1.2 0.3 0.3 4.2 1.1 1.1 0.9 0.3 0.7
BE backgroundU) 11 0.3 0.6 0.5 0.9 0.3 0.7 0.4 6.5 1.2
Total additive(events 3.4 1.4 0.6 0.5 4.8 2.6 2.6 1.0 8.1 1.6
Multiplicative errors(%)
Tracking eff/qual(C) 0.8 2.4 0.8 2.4 1.6 3.2 0.8 2.4 1.6 3.2
K efficiency (C) 4.0 4.0
Track multiplicity (C) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
7% yeff (C) 5.1 5.1 10.3 10.3 5.1 5.1 10.3 10.3 5.1 5.1
NumberBB (C) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Branching fractiongU) 0.7 1.8 0.7 1.8 0.7 1.8 0.7 1.8 0.7 1.8
MC statistics(U) 0.9 1.1 15 1.8 0.9 1.1 1.3 1.7 0.8 1.0
cosé; (C) 0.5 0.5 0.5 0.5 0.5 0.5 1.0 0.5 2.3 1.0
PID (C) 1.0 1.0 1.0 1.0
Total multiplicative (%) 6.8 7.4 10.6 11.0 5.8 6.6 10.6 11.0 6.1 6.6
Total o [ B(10 )] 2.2 29 3.6 2.6 1.4 1.5 1.0 15 0.9 0.4

TABLE IV. Estimates of systematic uncertainties in the branching fractiomfery’ K™ andB— 7’ p decays. The notation is the same
as for Table IlI.

Quantity n/K* + n/K*O n/p+ n;po
7' decay nmwmT Py nmwmT PY nmT N37TT PY nm PY nm
K*, p decay KOzt KOzt K+ 70 K70 Kto~ Kto~ Kto~ at ata® Ty

Additive errors(events

Fit yield (U) 0.9 1.3 0.2 0.8 0.5 2.8 0.8 0.8 3.1 1.0
Fit bias (U) 2.3 1.9 0.3 0.4 1.7 0.8 2.1 1.2 4.3 1.9
BB backgroundU) 1.3 0.9 0.5 0.5 25 0.5 1.4 1.2 10.0 1.8
Total additive(events 2.8 2.5 0.6 1.0 3.1 3.0 2.6 1.9 11.3 2.8
Multiplicative errors(%)
Tracking eff/qual(C) 2.4 2.4 2.4 2.4 3.2 4.8 3.2 2.4 2.4 3.2
K efficiency (C) 4.0 4.0
Track multiplicity (C) 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
70 y eff (C) 5.4 25 10.4 7.6 5.4 5.4 25 10.4 7.6 5.4
NumberBB (C) 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Branching fractiongU) 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4
MC statistics(U) 1.0 1.2 1.7 1.9 1.1 1.1 1.1 1.5 1.8 0.9
cosé; (C) 0.5 1.8 0.5 1.8 0.5 1.4 1.4 0.5 3.0 0.5
PID (C) 1.0 1.0 1.0 1.0 1.0
Total multiplicative (%) 8.1 6.8 115 9.2 7.5 8.4 5.4 11.4 9.5 7.4
Total o [ B(10 )] 4.5 3.2 1.9 2.1 1.7 4.2 1.1 1.9 6.9 0.9
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TABLE V. Estimates of systematic uncertainties in the branching fraction for the d&%ysyn°, B°— ' 7%, B°— wx® and B?
— ¢ . The notation is the same as for Table III.

Quantity p° 7' 7° o p°
7") decay 0% 37 nT Py

Additive errors(events

Fit yield (U) 1.0 1.3 1.2 2.8 1.4 0.8

Fit bias (U) 1.0 0.3 2.0 1.3 1.5 0.7

BB backgroundU) 1.0 1.0 1.0 1.0 1.0 1.0
Total additive(event$ 1.7 1.7 2.5 3.2 2.3 1.5
Multiplicative errors(%)

Tracking eff/qual(C) 0.0 1.6 1.6 1.6 1.6 1.6

Track multiplicity (C) 1.0 1.0 1.0 1.0 1.0 1.0

7%/ 7 eff (C) 14.9 11.5 13.1 9.1 11.7 7.9

NumberBB (C) 1.1 1.1 1.1 1.1 1.1 1.1

Branching fractiongU) 0.8 1.8 3.4 3.4 0.8 1.4

MC statistics(U) 1.2 1.3 1.2 0.5 1.2 0.9

cosé; (C) 0.5 0.5 0.5 1.3 0.6 0.5
Total multiplicative (%) 15.1 11.9 13.8 10.1 12.0 8.4
Total o [ B(1079)] 0.3 0.6 0.9 1.0 0.2 0.1

B. Multiplicative systematic errors used for each analysis and the expectation for a flat dis-

Track finding/efficiency (CAs described in Sec. VIII, we fribution. o _

those fromK? decays—see below gible. For analyses with a charged kaon, we estimate from

K reconstruction efficiency (C)The K? efficiency sys- independent samples an average efficiency uncertainty of
tematic uncertainty is taken from the study described in Sect-0%.
VIII with the addition of a contribution for reconstruction of
the daughter charged tracks, giving a total uncertainty of 4% C. Charge asymmetry systematic errors

for decays with & in the final state. . For theB— »K* analyses, the charged used to define
Trgck multiplicity (C):The |neff|C|ency_of the preselgctmn the asymmetry has a broad momentum spectrum. Auxiliary

requirements for the number of tracks in (t)he event is a few, ing studies place a stringent bound on detector charge-

percent. We estimate an uncertainty of 1% from the uncerésymmetry effects at all momenta. Such tracking and PID

tainty 'Q the lOW'mU|t'p|'.C'ty ta'.l (.)f theB decgy model.. systematic effects were studied in detail for the analysis of
VT My I‘eCOHStI’UOCtIOLl efflc;ency (CJrhis l],clncertalnty B— ¢K* [25]. We assign the same 2% systematic uncer-
is estimated to be 2.5%/photon from a study of tau decays t?ainty for Ay, that was determined in that study. In addition,

. 0s o, .

modeg withar S.'.FOHT S W.'th energy greater tha_n 1 GeV, we observe that the charge asymmetry of the continuum

there is an additional contribution to the uncertainty due tqoackground is consistent with zero in all cases with a com-

:23 d%\ézrlip of the two showers, also evaluated frombined uncertainty below 1%. Finally we have measured the
yS. charge asymmetry for a control sample Bf —D%~ de-

A . ] .
Ltim|£103|ty, B countmg (C)From a sgmple ofe"e cays and find the result to be consistent with zero asymmetry,
—u" - decays, we estimate the uncertainty on the numbe(,g15 expected

of producedBB pairs to be 1.1%.

Branching fractions of decay chain daughters (This is
simply taken as the uncertainty on the daughter particle
branching fractions from Ref22]. To obtain the final results, we combine the branching frac-

MC statistics (U):The uncertainty due to finite signal MC tion and charge asymmetry measurements from the indi-
sample sizestypically 40 000 generated evejis given in  vidual daughter decay chains. The joint likelihood is given
the table. by the product, or equivalently 2 In £ is given by the sum,

Event shape requirements (Cyhe uncertainties in the of contributions from the submodes. The statistical contribu-
Fisher distributionF are included in the fit yield systematic tion comes directly from the likelihood fit, which reflects the
variation(see below. Uncertainties due to the c@grequire-  non-Gaussian uncertainty associated with small numbers of
ment are estimated to be one-half of the difference betweeeavents. Before combining, we convolve each statisti¢al
the observed signal MC efficiency for the agsrequirement  with a Gaussian function representing the part of the system-

Xl. COMBINED RESULTS
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atic error that is uncorrelated among the submodes. Theith errors and 90% C.L. upper limits. The observed values
—2InL distributions without systematic uncertainties givein the » channels are
the combined statistical errors, while the distributions includ- N o 6
ing correlated systematic uncertainties, give the total statisti- B(B"— nK*")=(25.64.02.4)x10 ",
cal and systematic errors. 0 Y On s

The resulting branching fractions and charge asymmetries B(B"— 7K*")=(18.6-2.31.2) X107,
are included in Table II, where the significance includes sys-

+ +y— —6
tematic uncertainties. B(B"—npT)=(9.2+3.4+1.0) X 10

<14x1078,
XII. DISCUSSION B(B°— 7p%) =(—1.1"37+0.4x10 °
More than six years have passed since the first report of a <1.5x10°6
very large branching fraction for the dec8y— 'K, pub- ' ’
lished in Ref[2]. While it was expectefi3] that the branch- B(B'— pn®) = (0.7 11+ 0.3 x 10°©
ing fraction for this decay anB— »K* would be relatively 09
large andB— »K and B— »'K* would be much smaller, <2.5x10°6.

most theoretical calculations could not account for a branch- .
ing fraction as large as was measured. The experimental sitdror the s’ channels, we find
ation withB— »'K has remained largely the same even with + R 4.6 _ _
guite precise new measurements; see for example[ Ref. B(B"—n'K*")=(6.3"3¢+1.8 X 10 °<14x10 °,
The results presented in this paper complete the measure- , 2.1 _ _
ment of the four §, »’) (K,K*) final states with a sensitivity B(B%—n'K*%)=(41"73=12)x10 °<7.6x10 %,
in the branching fraction of a few times 10 The B

— n»K* decays are found to have rather large branching frac-
tions as expected and as first seen by CLUHQ@]. BABAR
has recently observeB™ — »K™ for the first time[17] and
finds the expected small branching fraction. We find no sig-
nificant signal forB— »’K*, and the 90% C.L. upper limit

is not yet precise enough to determine whether a flavory, the modes with a vector meson andrd we observe
singlet component is present for this decay, though we do

restrict the size of such a contribution. Such a singlet com-  B(B%— 0 7% =(—0.6"0{+0.2)x1076,<1.2x10"¢,
ponent[see Fig. 1d)] has been proposed as a partial expla-

B(BY— 75 pT)=(12.9"%2+2.0x 10 6<22x 10",
B(B°— 7' p°) =(0.8"17+0.99X10 6<4.3x10 "¢,

B(B°— 7' 7% =(1.0"15+0.8) X 10 6<3.7x 10",

nation for the large rate foB— 'K by many authors, B(B°— ¢7%)=(0.2733+0.1)x1076,<1.0x10"®.
though with the restrictive limits foB— #’'K*, this now
seems unlikely to play a significant ro26]. The results forB’— w® supersede the previolBABAR

We also have evidence for the decBy — »p™ with a  measurement of for this chanri@]. All of these results are
significance of 3.6. We find no other significant signals and substantially more precise than previous measurements from
calculate upper limits foB* — ' p* and all of the neutra8 ~ CLEO [12].
decays with ap or 7° meson. This pattern is as expected For the modes with significant signals, we measure the
since the penguin contribution in these decays is CKM sup€harge asymmetries
pressed and there is no external tree diagram forBhe
decays.

For the decays where we find significant signals, we also
measure the charge asymmetry, which we find to be consis-
tent with zero. These measurements are in agreement with
the theoretical expectations discussed in Sec. | and rule out ACKNOWLEDGMENTS
substantial portions of the physical region.

Acr( 7K* *)=40.13+0.14+ 0.02,

Acn(7K*%)=+0.02+0.11+0.02.
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