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Based on a sample of approximately 500 000 hadr@flidecays accumulated between 1993 and 1998, the
SLD experiment has set limits on 24 fully charged two-body and quasi-two-body exclusive charmless hadronic
decays ofB™, B?, and BS mesons. The precise tracking capabilities of the SLD detector provided for the
efficient reduction of combinatoric backgrounds, yielding the most precise available limits for ten of these
modes.

PACS numbd(s): 13.25.Hw

The search for exclusive charmless decayB aiesons is available. In addition, the cms energy available to experi-
motivated by the Cabibbo-Kobayashi-MaskawéEKM)  ments running at th&° pole allows the study oB decays,
suppression of th#/-boson mediateti— u transition, which  which are inaccessible to experiments running atliés).
suppresses the leading order weak decay to charmless final Search modes reported in this Rapid Communication in-
states by a factor ofV,,,|?/|Vp|?=10"2 relative to that of  ¢jyde B%,B%P*P~ (two-prong, B*—P*VC (three-
charmed final states. Thus, observation of exclusive Chambron@ and B®,B%—V°V° (four-prong, and their charge
less modes with even modest branching fractions can indi- ’ LS '

conjugates, wher®=,K is a stable pseudoscalar meson

ggtsesék;e participation of heretofore unobserved physical proéndV:pO,K* 0 4 is a vector meson resonance with a siz-

Recently, several results have increased the interest in e?—ble branching fraction into two charged pseudoscalar me-

clusive charmlesB meson decays. The CLEO Collaboration sons [1_0,0%' 66.7%, and (49:10.8)% [5_]’ respectively.
[1] has improved their measurement of the deBay 7K*, The ability to fully reconstruct the decayiryy meson state,
with the measured branching fractions BH— 7K**) with precise momentum and vertex information for each of

=(2.73"2%+0.50)x 10°5 and Br®°— 7K*%)=(1.38"2%% the charged daughter tracks, provides an essential constraint

i0.17)x0f5r5 somewhat above the expected rarﬁg]gg? in the analysis; no attempt was made to search for modes

(0.02-0.82)x 1075 and (0.0t 0.89)x10°5, respectively. With one or more long-lived final state neutral particles.

In addition, the DELPHI collaboration has reported a mea- 1he SLD detectof6] instruments the sole interaction re-
surement [3] of the combined mode BR'—p°x*  gion of the SLAC Linear CollideSLC). The luminous re-

+K* 017*)=(17fé2t 2)x10°%, again somewhat higher gion of the SLC is an ellipsoid of dimensions approximately

than both the expected rang] of (0.4—2.0)x10"° and 2 and 0._8,um in the horizonta[_x) and vertical(y) directions
the corresponding CLEO measuremerj] of Br(B* perpendicular to the beam axis, and 700 along the beam
—p%7")=(1.5'02+0.4)x10"° and Br@T—K*%z*)  axis. Due to motion of the collision point, however, the lo-
<2.7x10°°. ' cation of the luminous region is known to ory7.m in x

In this Rapid Communication, we present limits from the andy.
SLD detector on several two, three, and four-prong fully Charged particle tracks are reconstructed in the central
charged two-body and quasi-two-body final states. Althougtlrift chamber(CDC) and the CCD-based pixel vertex detec-
the B meson sample available to the SLAC Large Detectoftor (VXD) in a uniform axial magnetic field of 0.6 T. Includ-
(SLD) is fairly limited in comparison to those produced at ing the uncertainty in the location of the luminous region
the CERNe" e~ collider (LEP), Cornell Electron Storage (IP) of the SLC, the VXD2 vertex detector, in place through
Ring (CESR, and the Fermilab Tevatron, the excellent 1995, exhibited an—¢ (r—z) impact parameter resolution
tracking anda priori knowledge of theB meson production of 11 um (38um) at high  momentum, and
point admit limits competitive with those produced else-71 um (80 um) atp, ysing=1.0 GeVk [7]. The corre-
where. Most limits presented here on four-prong final statessponding resolution for the VXD3 vertex detect@], in
for which combinatoric backgrounds are worst, are the firsplace since 1996, is 14m (26.5 uwm) at high momentum,
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and 33 um (33 um) atp, sin#=1.0 GeVk. The com- absolute values of the differences between the reconstructed
bined CDC/VXD momentum resolution in the and nominal masses of the vector meson Bndeson can-

p|ane perpendicular to the beam axis |§pl/pl didateS, was required to be less than 0.6 %,\//04

2 2 0.0 0
=/(0.01¥Y+(0.0026, /GeV/c)?. High momentum charged Ge\g/c ’ ando 0.4 (;;eng for the B—p P B—p'V (V
tracks are reconstructed in the rangess<0.85, with an ~ #p~), andB;—K*"K*" modes, respectively. For relevant
efficiency of 96% for|cos6|<0.65. A segmented Si-W for- modes, the reconstructed vector meson masses were required
ward calorimeter, with polar angle acceptance between 2t be n the rangéaéo.ggl.]], [0.7-1.0, and[1.000-1.03%
mr and 68 mr, is used to monitor the SLC luminosity via GeV/c” for V=p=, K*%, and ¢. Finally, |cosé| was re-
t-channel Bhabha scattering. quired to be greater than 0.3 f8— PV modes.

The SLD accumulated an integrated luminosity of 19.1, 10 further suppress background, ad hocdiscriminator
pb~! of e*e~ annihilation data at th&° pole between 1993 function was devised, and tuned to a sample of Monte Carlo

and 1998. Of this, 14.0 pt was taken with the upgraded (MC) Z°—bb events approximately ten times that of data,
VXD3 vertex detector in place. and a sample of light quarkudsg events approximately
The complete reconstruction of the fully charged final four times that of data. Fd&— P P modes, this function took

state provides a number of constraints which can be used € form
discriminate between signal and potential background
sources. Candidate track combinations must be consistent/ PP~ 80
with having arisen from a single vertex. This vertex is dis-
placed from the collision point by an average o3 mm,
which is measured with an average uncertainty of &M +age o—age” X054+ g, g~ AM/O2GeV

for the search modes. The point of closest approach of the

extrapolated vertex momentum resultant to the SLD IPwith m the invariant mass of the candidate vert&the
(“vertex impact parameter)’ must be consistent with zero. vertex significance) the largest angle between any tracks

The invariant mass of the tracks forming the vertex must beelonging to the vertex\(= 1/x — 0.9), P the vertex fit prob-
consistent with that of thB meson and have a total momen- ab“ity’ D the minimum normalized impact parametbﬂhe

tum consistent with known fragmentation properties. Trac"%/ertex impact parametdil x 1000+ 24=1/(1 +0.001)], and
emerging from thé3-meson decay vertex should have a rela-X:Euert/Ebeamthe scaled vertex energaM is the differ-

:!ve:y Ismall_opemtng anglet, a Iz_itrhge momtetntijhm, Safg ”% rfélaénce in the vertex mass between the pion and kaon hypoth-
Ively large impact parameter with respect to the - "Olases, and exploits the propensity for all tracks deriving from
guasi-two-body modes involving vector meson resonance

(B— PV andB— V), two of the charged tracks must have aecays of the various search moges to be at high momentum.
an invariant mass consistent with that of each resonance. [h€ parametera; >0, Mo, lo, andlo were tuned separately
addition, for B— PV modes, the decay angi, of the V or the2|nd|V|giuaI SEarch modes, wr;neb was set to 5.28
state with respect to its flight directiofthelicity angle”) Gevic® for B® or B” and 5'3.7 Qe\/gt for Bs. :
must be consistent with the distributici/d€ < co€4, dic- For B—PV modes, the discriminator function took the
tated by angular momentum conservation. form

Candidate decays were reconstructed by considering all (=M )22(5m, )2
combinations of two, three, and four tracks which pass track 7Pv=7ppla,, o+ @€ ™ 1 v +[1-coghm)],
guality cuts[6] and with total charge 0 foPP and VV
candidates, and:1 for PV candidates. The invariant mass With m, the invariant mass of the vector meson candidate,
of the candidate decay was required to be above 5.08nd h=cos#,. The vector meson massés, were set to
GeVle? (5.15 GeVk?) for BY andB° (B%) modes. The 0.77,0.89, and 1.02 Gew for p, K*°, and ¢ candidates,
probability of the vertex fit to the candidate tracks was re-respectively, with corresponding width#m, of 0.1, 0.08,
quired to be greater than 1.008.5% forB—VV modes and and 0.006 GeW?, respectively.
B— PV with V= ¢), with a significancéseparation from the For B—VV modes, the discriminator function took the
SLD IP divided by the associated erraf greater than 1.0 form
(0.6 forB—VV modes and— PV with V= ¢). The small-
est impact parametd, normalized to its corresponding un-  F,y=Fpp|
certainty, of any track in the candidate vertex was required to
be greater than 1.10.6 for B—VV modes andB— PV +a;e” (mP=MPhZr2(omP)2 | aje Mvv/04 Gev
modes withV= ¢). The change in the vertex invariant mass
between the assumption of the nomifledorn) mass and pion  with vector meson candidates selected according to the track
mass for all relevant tracks in the candidate vertex was repartition yielding vector meson masses closest to those of the
quired to be less than 0.3 Ged#/ (1.2 GeVkt?) for theB  search mode.
—PK* (B—Kp® modes; this cut suppresses background The discriminator functions were tuned for the various
vertices which get an artificially large mass due to a mis-search modes by maximizing the separation between the
taken mass hypothesis for one or more tracks. A second mast D MC sample(which contains no charmless hadroric
reconstruction quantityM,,, defined to be the sum of the decay$ and separately generated MC samples representing

(m_ 2 2 _ _ 3
e (m—Mp)“/2(5m) —a,e m/mo_aze S/3_a3e N

+ase” N0.3_ ase” P/0.03_ age” D/3_ aze” g

_ (l)*M(l) 2/2(8 (1)y2
a10:0+alle (mv v ) ( mv )
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each individual search mode. The signal region for each 5 ™

search mode was then defined according to a cut on the out-
Background

put of the corresponding discriminator function. For each 8 4t
search mode, the value of this cut was selected in an unbi- g
ased way by minimizing the average expected MC Poisson FE 3t
upper limit P according to - BO0_, 0,0
% 2F Signal
. &,
P=> P(u,i)Br(e), =Bl il 7/

= ' 7///
whereP(u,i) is the Poisson probability for findingback- 0 02 04 06 08
ground events given an expectationwgfand By(g) is the Discriminator Output

90% C.L. upper limit for the branching ratio ifevents are _ o

found. The expected signal efficiency from the MC simula- FIG. 1. Expected signalshadedl and background for th&

tion at these optimal points ranged between 24.8% and»popo channel, as a function of the discriminator output. The plot

37.9% for the various search modes, with expected back;hown is_ from thoe V)gD(—)S periog Monte Carlo, assuming a branch-

grounds of between 0.0 and 0.48 events. The efficiency i&9 fraction Br@"—p"p")=10"%

that for all B meson signal events, regardless of whether the ) )

decay occurred in the fiducial region of the detector, but doe&'9 (():h:imge in the MC mass width, for examp;l;/l}or ﬁ?]é

not take into account the branching ratios into fully charged”P_ 7 Séarch mode, is from 146 to 184 Med/for the

two-body final states for the vector mesons in Bes PV VXD2 data sample. The resulting efficiency loss varied be-

andB—VV modes tweende/e=2-5 %. Smearing of the radial and longitudi-
The signal efficiencies were determined from the sLphal track origin parameters, constrained by comparisons of

MC simulation, and thus are subject to modeling uncertain! — ¢ @ndr —z impact parameter distributions between data

ties. The efficiency of the SLD tracking system was con-2nd MC simulation, yielded an additional efficiency loss of

strained by studying the track multiplicity distributions of 9¢/6=2-4 %. As a cross check, after the inclusion of the
. . 0 i . . o ... above corrections in the MC efficiency calculation, the num-
inclusively taggedZ”—bb events, which are identified with

: : . . ber of reconstructe® " — K~ 7"+ decays is within 3% of
appr_OXIr_nater 98% purity by the SLIB]. The klnemath he MC expectation, well within the e&perimental uncer-
distributions of tracks from such events are well constraine ainty on theD * —K " 7" branching fraction and the *
by measurements @ meson decay at th¥ (4S) [10], as roduction rate
well asomeasurements of heavy—quark gssociated multiplicit Application 6f the various search mode selection algo-
?t thedZ polg[ll]. Tr}etrhesultlnﬁ_clt_)n_lpark;s?n of th_e ”?Omer;' rithms to the full 1993-8 SLD data sample yielded a total of
tum deIE)/IeCn egc; to et ”?“d.'p 'f'g de \]fyeiggfﬂ/mf: utilve Yfour distinct candidate event&(— E,) which populated the
aggk‘? fff”‘r.] a akl)elven Sl'no'gag \6/‘/ eflc h 0\}?@; signal regions of six separate search modes. The events ob-
E(?)%DIQ? di\t;:lc f:rﬁ);gleelg;vdingto. ; reZuc(iior?rin tre1e estimate erved(background expectgdn each of these modes were

) : 09— p%° (0.3D); eventsE,, E, for
signal mode efficiency obs/e=1-2 %. s follows: event, for B"—p7p~ (0.31; ev L =2

The possibility of longitudinal polarization of the vector BO—K*%° (0.49; events i, Bz, Bs for BP—K*°K*?
mesons in the/V decay modes has been considered. A lon{0.27; eventE, for B°— ¢K*° (0.14; eventE, for B
gitudinally polarized vector meson will decay with a 8@s —K*%p° (0.34; and event&, , E; for BO—K*°K*° (0.17).
distribution, with tracks from vector mesons decaying withFor the remaining search modes, no events were seen.
small 8 tending to be reconstructed less efficiently, due to the Thirteen of fifteen MC events which passed the full selec-
relatively low momentum of the backward-going track, astion criteria for at least one of the search modes had at least
well as the resulting angular proximity of the two decay one identified track coming from B meson decay, witlB
tracks. The MC signal simulation assumes 50% longitudinal—D 7 accounting for approximately one-half of these. In
polarization for the vector mesons fro¥l decays. Assum- four of the thirteen cases, reconstructed rest mass missing
ing a uniform probability distribution between 0% and 100%due to undetected charged or neutral particles was supplied
polarization, the resulting relative systematic error in the efby random fragmentation tracks.
ficiency of the VV decay mode reconstruction ide/e Figure 1 shows the expected signal and background dis-
=1.5%. tributions as a function of the discriminator output from the

The momentum resolution at high momentum was studiedC simulation of a typical mode—thB®— p°p°® mode for
by comparing the width of the reconstructed mass peak behe VXD-2 running period—assuming a branching fraction
tween data and MC simulation for a sample of exclusivelyBr(B°— p®p®) =10"*. Figure 2 shows the relative rate be-
reconstructedD " —K 7t 7" decays. To account for the tween data and MC simulation of the inclusion of back-
somewhat larger width observed in data, the MC momentunground as the discriminator cut is relaxed, for the same
distribution was smeared according to pl/~1/p, sample. At a branching ratio of 16, a clear signal is ex-

+ Gaussian, for a Gaussian width of 0.00®.001) pected, while backgrounds seem to be well modeled.
(GeV/c) ! for the VXD2 (VXD3) data sample. The result- The mode for which the observed signal was least likely
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25 T T T to be accounted for by a statistical fluctuation in the expected
B’ 0%° ¢ background wag®— K*°K*°. The Poisson likelihood of an
20 [ PP *

] expected background of 0.27 event fluctuating to three or
more events is 0.27%, but depends strongly on the value of
the expected background. A study for this mode similar to
that of Fig. 2 yielded an additional 11 events, compared to a
MC expectation of an additional 3 events. Thus, for this
mode there is reason to believe that the background is under-
estimated, and so, as for other modes, only an upper limit
will be quoted.

The branching ratio upper limits are related to the sta-
tistical upper limitsa on the number of observed events
ah 5 10 15 20 according toa=S-L; S=Ng-&, with Ny the estimated

Monte Carlo Events nu_m_ber of applicabl&3 meson decays, arm_l the estimated
efficiency for reconstructing the given signal mode. The

FIG. 2. Comparison between VXD-3 data and Monte Carlonumber ofB*(B® and B meson decays in the full SLD
simulation of the rate of introduction of background into tR& data sample is estimated from the measured SLD sample
—p%° sample as the discriminator function cut is relaxed. Theluyminosity and knownB meson production rates to be
lines represent the upper and lower 90% C.L. limits under the as¢] 02+ 0.05)x 10° and (0.27 0.05)x 10°, respectively. It
sumption that the Monte Carlo accurately models the backgroundpnas peen assumed that (2£0.1)% of hadronicz® decays
involve primaryb quarks, and of these, (39.¥%% areB°

—
)]

Data Events

TABLE I. Summary of efficiency £), sensitivity (S), expected background, number of events in the
signal region, classicdlC) and BayesiariB) 90% C.L. upper limit(UL) for the 24 search modes. Note that
the sensitivitiegbut not the efficiencigstake account of the branching fraction feror K*© into a fully
charged two-body final state, where applicable.

Mode € S (x10°%) Bckd Data UL(B; x10% UL (C; x10%
BO—m o 0.338 3.46-0.31 0.03 0 0.69 0.67
BO—K ™ m" 0.345 3.530.32 0.14 0 0.67 0.66
BO—K*K™ 0.341 3.490.28 0.14 0 0.67 0.66
Bl—amta 0.379 1.02-0.16 0.03 0 2.35 2.32
BOK art 0.335 0.910.15 0.10 0 2.62 2.61
Bl KK~ 0.311 0.84-0.14 0.20 0 2.77 2.83
BY—p7* 0.272 2.7&0.26 0.34 0 0.81 0.83
B*—pK* 0.264 2.76:0.24 0.41 0 0.83 0.86
BT —K*O7™ 0.285 1.94-0.17 0.17 0 1.21 1.19
BT —K*K™ 0.248 1.690.18 0.17 0 1.39 1.38
B*—opm™ 0.301 1.5%0.12 0.07 0 1.59 1.53
B — K™ 0.321 1.6%+0.12 0.14 0 1.47 1.44
B%— pp° 0.263 2.76-0.24 0.31 1 1.57 1.36
B0 K*0p0 0.253 1.76-0.15 0.49 2 3.30 2.86
BO_, K*0K*O0 0.304 1.42-0.12 0.27 3 5.27 4.69
B%— ¢p° 0.298 1.530.13 0.14 0 1.58 1.56
B0 pK*© 0.295 1.0 0.08 0.14 1 4.34 3.84
B'— ¢ 0.393 0.74-0.05 0.00 0 3.37 3.21
BY— p%p° 0.277 0.77-0.13 0.27 0 3.06 3.20
BO—K*0p0 0.272 0.56-0.09 0.34 1 8.52 7.67
BO— K* 0K *© 0.265 0.330.05 0.17 2 18.21 16.81
BY— ¢p° 0.290 0.39-0.06 0.07 0 6.24 6.17
BY— pK*© 0.265 0.24-0.04 0.14 0 10.02 10.13
BY— ¢ 0.308 0.21-0.03 0.00 0 12.11 11.83
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or B* decays, and (1059 % areB? decays[5]. The un- X 10 * yields only a 10% probability that the two measure-
certainty in the signal mode efficiencies was conservativelynents are consistent with the same central value.
estimated to be the total difference in the MC efficiency es- In conclusion, the excellent tracking capabilities of the
timate with and without the extra momentum, tracking effi- SLD detector have enabled the SLD to establish a number of
ciency, and track origin parameter smearing. Including theinique or competitive limits on the decay Bf mesons to
additionalVV mode polarization systematic error, as well asexclusive charmless final states. In particular, most of the
the MC statistical error oAe/e=2-5 %, due to the limited four-prong quasi two-body limits presented here are the most
size of the generated signal mode samples, the total modedtringent limits available. In addition, the SLD limits of
ing error was between 6—10 % for all modes. Br(B*—p%7)<0.83x10 4 and BrB" —K*%7*)<1.19
Table | exhibits the number of candidate events, expected, 14 (90% C.L) rule out a DELPHI observation of the
background, efficiency, sensitivityS), and resulting 90% g, of these two modd8] in favor of more stringent limits
C.L. upper limits for both the Bayesidri2] and classical from CLEO[4]
[13] approaches for the 24 search modes. Each four-prong '
mode limit presented here, with the exception Bf We thank the SLAC accelerator department for outstand-
— ¢K*? and B%— ¢ ¢, either improves upon the existing ing efforts on our behalf. This work was supported by the
limit [5], or is the first available limit for the given mode. U.S. Department of Energy and National Science Founda-
Two of the two—pronng modes "7~ andK~7") are tion, the UK Particle Physics and Astronomy Research
competitive with existing limit§5]. Furthermore, a compari- Council, the Istituto Nazionale di Fisica Nucleare of Italy
son of the probability distribution for the combination of the and the Japan-U.S. Cooperative Research Project on High
pm* and K*°z" modes with that implied by the Energy Physics. This work was supported by Department of
DELPHI result Br@" —p°n " K*%7")=(1.7"33+0.2)  Energy contract DE-AC03-76SFO051SLAC).
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