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Based on a sample of approximately 500 000 hadronicZ0 decays 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 ofB1, B0, and Bs

0 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 number~s!: 13.25.Hw
fi

rm
nd
r

e
n

a

r

he
lly
g
to
at

nt

e
te
rs

ri-

in-

on
iz-
me-

of
raint
des

-

ly

o-

tral
c-
-
on
h

n

The search for exclusive charmless decays ofB mesons is
motivated by the Cabibbo-Kobayashi-Maskawa-~CKM!
suppression of theW-boson mediatedb→u transition, which
suppresses the leading order weak decay to charmless
states by a factor ofuVubu2/uVcbu2.1022 relative to that of
charmed final states. Thus, observation of exclusive cha
less modes with even modest branching fractions can i
cate the participation of heretofore unobserved physical p
cesses.

Recently, several results have increased the interest in
clusive charmlessB meson decays. The CLEO Collaboratio
@1# has improved their measurement of the decayB→hK* ,
with the measured branching fractions Br(B1→hK* 1)
5(2.7320.82

10.9660.50)31025 and Br(B0→hK* 0)5(1.3820.44
10.55

60.17)31025, somewhat above the expected range@2# of
(0.0220.82)31025 and (0.0120.89)31025, respectively.
In addition, the DELPHI collaboration has reported a me
surement @3# of the combined mode Br(B1→r0p1

1K* 0p1)5(1728
11262)31025, again somewhat highe

than both the expected range@2# of (0.422.0)31025 and
the corresponding CLEO measurements@4# of Br(B1

→r0p1)5(1.520.5
10.560.4)31025 and Br(B1→K* 0p1)

,2.731025.
In this Rapid Communication, we present limits from t

SLD detector on several two, three, and four-prong fu
charged two-body and quasi-two-body final states. Althou
the B meson sample available to the SLAC Large Detec
~SLD! is fairly limited in comparison to those produced
the CERNe1e2 collider ~LEP!, Cornell Electron Storage
Ring ~CESR!, and the Fermilab Tevatron, the excelle
tracking anda priori knowledge of theB meson production
point admit limits competitive with those produced els
where. Most limits presented here on four-prong final sta
for which combinatoric backgrounds are worst, are the fi
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available. In addition, the cms energy available to expe
ments running at theZ0 pole allows the study ofBs decays,
which are inaccessible to experiments running at theY(4S).

Search modes reported in this Rapid Communication
clude B0,Bs

0→P1P2 ~two-prong!, B1→P1V0 ~three-
prong!, and B0,Bs

0→V0V0 ~four-prong!, and their charge
conjugates, whereP5p,K is a stable pseudoscalar mes
and V5r0,K* 0,f is a vector meson resonance with a s
able branching fraction into two charged pseudoscalar
sons @100%, 66.7%, and (49.160.8)% @5#, respectively#.
The ability to fully reconstruct the decayingB meson state,
with precise momentum and vertex information for each
the charged daughter tracks, provides an essential const
in the analysis; no attempt was made to search for mo
with one or more long-lived final state neutral particles.

The SLD detector@6# instruments the sole interaction re
gion of the SLAC Linear Collider~SLC!. The luminous re-
gion of the SLC is an ellipsoid of dimensions approximate
2 and 0.8mm in the horizontal~x! and vertical~y! directions
perpendicular to the beam axis, and 700mm along the beam
axis. Due to motion of the collision point, however, the l
cation of the luminous region is known to only;7mm in x
andy.

Charged particle tracks are reconstructed in the cen
drift chamber~CDC! and the CCD-based pixel vertex dete
tor ~VXD ! in a uniform axial magnetic field of 0.6 T. Includ
ing the uncertainty in the location of the luminous regi
~IP! of the SLC, the VXD2 vertex detector, in place throug
1995, exhibited anr 2f (r 2z) impact parameter resolutio
of 11 mm (38 mm) at high momentum, and
71 mm (80 mm) at p'Asinu51.0 GeV/c @7#. The corre-
sponding resolution for the VXD3 vertex detector@8#, in
place since 1996, is 14mm (26.5 mm) at high momentum,
1-2
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and 33 mm (33 mm) at p'Asinu51.0 GeV/c. The com-
bined CDC/VXD momentum resolution in th
plane perpendicular to the beam axis isdp' /p'

5A(0.01)21(0.0026p' /GeV/c)2. High momentum charged
tracks are reconstructed in the rangeucosuu,0.85, with an
efficiency of 96% forucosuu,0.65. A segmented Si-W for
ward calorimeter, with polar angle acceptance between
mr and 68 mr, is used to monitor the SLC luminosity v
t-channel Bhabha scattering.

The SLD accumulated an integrated luminosity of 19
pb21 of e1e2 annihilation data at theZ0 pole between 1993
and 1998. Of this, 14.0 pb21 was taken with the upgrade
VXD3 vertex detector in place.

The complete reconstruction of the fully charged fin
state provides a number of constraints which can be use
discriminate between signal and potential backgrou
sources. Candidate track combinations must be consis
with having arisen from a single vertex. This vertex is d
placed from the collision point by an average of;3 mm,
which is measured with an average uncertainty of 60mm
for the search modes. The point of closest approach of
extrapolated vertex momentum resultant to the SLD
~‘‘vertex impact parameter’’! must be consistent with zero
The invariant mass of the tracks forming the vertex must
consistent with that of theB meson and have a total mome
tum consistent with known fragmentation properties. Tra
emerging from theB-meson decay vertex should have a re
tively small opening angle, a large momentum, and a re
tively large impact parameter with respect to the SLD IP. F
quasi-two-body modes involving vector meson resonan
(B→PV andB→VV), two of the charged tracks must hav
an invariant mass consistent with that of each resonance
addition, for B→PV modes, the decay angleuh of the V
state with respect to its flight direction~‘‘helicity angle’’ !
must be consistent with the distributiondG/dVh}cos2uh dic-
tated by angular momentum conservation.

Candidate decays were reconstructed by considering
combinations of two, three, and four tracks which pass tr
quality cuts @6# and with total charge 0 forPP and VV
candidates, and61 for PV candidates. The invariant mas
of the candidate decay was required to be above 5
GeV/c2 (5.15 GeV/c2) for B1 and B0 (Bs

0) modes. The
probability of the vertex fit to the candidate tracks was
quired to be greater than 1.0%~0.5% forB→VV modes and
B→PV with V5f), with a significance~separation from the
SLD IP divided by the associated error! of greater than 1.0
~0.6 for B→VV modes andB→PV with V5f). The small-
est impact parameterD, normalized to its corresponding un
certainty, of any track in the candidate vertex was require
be greater than 1.1~0.6 for B→VV modes andB→PV
modes withV5f). The change in the vertex invariant ma
between the assumption of the nominal~kaon! mass and pion
mass for all relevant tracks in the candidate vertex was
quired to be less than 0.3 GeV/c2 (1.2 GeV/c2) for the B
→PK6 (B→Kr0) modes; this cut suppresses backgrou
vertices which get an artificially large mass due to a m
taken mass hypothesis for one or more tracks. A second m
reconstruction quantityMVV , defined to be the sum of th
07110
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absolute values of the differences between the reconstru
and nominal masses of the vector meson andB meson can-
didates, was required to be less than 0.6 GeV/c2, 0.4
GeV/c2, and 0.4 GeV/c2 for the B→r0r0, B→r0V (V
Þr0), andBs

0→K̄* 0K* 0 modes, respectively. For relevan
modes, the reconstructed vector meson masses were req
to be in the ranges@0.2–1.1#, @0.7–1.0#, and @1.000–1.035#
GeV/c2 for V5r0, K* 0, and f. Finally, ucosuhu was re-
quired to be greater than 0.3 forB→PV modes.

To further suppress background, anad hocdiscriminator
function was devised, and tuned to a sample of Monte Ca
~MC! Z0→bb̄ events approximately ten times that of da
and a sample of light quark (udsc) events approximately
four times that of data. ForB→PP modes, this function took
the form

FPP5a0e2 (m2Mb)2/2(dm)2
2a1e2m/m02a2e2 S/32a3e2l̃

1a4e2 l/0.32a5e2 P/0.032a6e2 D/32a7e2 Ĩ / Ĩ 0

1a8e2 I /I 02a9e2 X/0.51a10e
2 DM /0.2 GeV,

with m the invariant mass of the candidate vertex,S the
vertex significance,l the largest angle between any trac
belonging to the vertex (l̃51/l20.9), P the vertex fit prob-
ability, D the minimum normalized impact parameter,I the
vertex impact parameter@ Ĩ 3100012451/(I 10.001)#, and
X5Evert /Ebeam the scaled vertex energy.DM is the differ-
ence in the vertex mass between the pion and kaon hyp
eses, and exploits the propensity for all tracks deriving fr
decays of the various search modes to be at high momen
The parametersai.0, m0 , I 0, and Ĩ 0 were tuned separatel
for the individual search modes, whileMb was set to 5.28
GeV/c2 for B0 or B1 and 5.37 GeV/c2 for Bs .

For B→PV modes, the discriminator function took th
form

FPV5FPPua1050
1a11e

2 (mv2Mv)2/2(dmv)2
1@12cos~hp!#,

with mv the invariant mass of the vector meson candida
and h5cosuh . The vector meson massesM v were set to
0.77, 0.89, and 1.02 GeV/c2 for r, K* 0, andf candidates,
respectively, with corresponding widthsdmv of 0.1, 0.08,
and 0.006 GeV/c2, respectively.

For B→VV modes, the discriminator function took th
form

FVV5FPPua1050
1a11e

2 (mv
(1)

2Mv
(1))2/2(dmv

(1))2

1a12e
2 (mv

(2)
2Mv

(2))2/2(dmv
(2))2

1a13e
2 MVV/0.4 GeV,

with vector meson candidates selected according to the t
partition yielding vector meson masses closest to those of
search mode.

The discriminator functions were tuned for the vario
search modes by maximizing the separation between
SLD MC sample~which contains no charmless hadronicB
decays! and separately generated MC samples represen
1-3
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each individual search mode. The signal region for e
search mode was then defined according to a cut on the
put of the corresponding discriminator function. For ea
search mode, the value of this cut was selected in an u
ased way by minimizing the average expected MC Pois
upper limit P according to

P5(
i 50

`

P~u,i !Bri~«!,

whereP(u,i ) is the Poisson probability for findingi back-
ground events given an expectation ofu, and Bri(«) is the
90% C.L. upper limit for the branching ratio ifi events are
found. The expected signal efficiency from the MC simu
tion at these optimal points ranged between 24.8%
37.9% for the various search modes, with expected ba
grounds of between 0.0 and 0.48 events. The efficienc
that for all B meson signal events, regardless of whether
decay occurred in the fiducial region of the detector, but d
not take into account the branching ratios into fully charg
two-body final states for the vector mesons in theB→PV
andB→VV modes.

The signal efficiencies were determined from the S
MC simulation, and thus are subject to modeling uncerta
ties. The efficiency of the SLD tracking system was co
strained by studying the track multiplicity distributions
inclusively taggedZ0→bb̄ events, which are identified with
approximately 98% purity by the SLD@9#. The kinematic
distributions of tracks from such events are well constrain
by measurements ofB meson decay at theY(4S) @10#, as
well as measurements of heavy-quark associated multipl
at theZ0 pole @11#. The resulting comparison of the mome
tum dependence of the multiplicity between inclusive
tagged MC and data events indicated a deficit of;5% in the
tracking efficiency below 1.5~0.8! GeV/c for the VXD2
~VXD3! data sample, leading to a reduction in the estima
signal mode efficiency ofd«/«.1 – 2 %.

The possibility of longitudinal polarization of the vecto
mesons in theVV decay modes has been considered. A lo
gitudinally polarized vector meson will decay with a cos2uh
distribution, with tracks from vector mesons decaying w
smallu tending to be reconstructed less efficiently, due to
relatively low momentum of the backward-going track,
well as the resulting angular proximity of the two dec
tracks. The MC signal simulation assumes 50% longitudi
polarization for the vector mesons fromVV decays. Assum-
ing a uniform probability distribution between 0% and 100
polarization, the resulting relative systematic error in the
ficiency of the VV decay mode reconstruction isD«/«
51.5%.

The momentum resolution at high momentum was stud
by comparing the width of the reconstructed mass peak
tween data and MC simulation for a sample of exclusiv
reconstructedD1→K2p1p1 decays. To account for th
somewhat larger width observed in data, the MC momen
distribution was smeared according to 1/p'→1/p'

1Gaussian, for a Gaussian width of 0.002~0.001!
(GeV/c)21 for the VXD2 ~VXD3! data sample. The result
07110
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ing change in the MC mass width, for example for theB1

→r0p1 search mode, is from 146 to 184 MeV/c2 for the
VXD2 data sample. The resulting efficiency loss varied b
tweend«/«.2 – 5 %. Smearing of the radial and longitud
nal track origin parameters, constrained by comparisons
r 2f and r 2z impact parameter distributions between da
and MC simulation, yielded an additional efficiency loss
d«/«.2 – 4 %. As a cross check, after the inclusion of t
above corrections in the MC efficiency calculation, the nu
ber of reconstructedD1→K2p1p1 decays is within 3% of
the MC expectation, well within the experimental unce
tainty on theD1→K2p1p1 branching fraction and theD1

production rate.
Application of the various search mode selection alg

rithms to the full 1993-8 SLD data sample yielded a total
four distinct candidate events (E12E4) which populated the
signal regions of six separate search modes. The events
served~background expected! in each of these modes wer
as follows: eventE1 for B0→r0r0 ~0.31!; eventsE1 , E2 for
B0→K̄* 0r0 ~0.49!; eventsE1 , E2 , E3 for B0→K̄* 0K* 0

~0.27!; event E4 for B0→fK̄* 0 ~0.14!; event E1 for Bs
0

→K̄* 0r0 ~0.34!; and eventsE1 , E3 for B0→K̄* 0K* 0 ~0.17!.
For the remaining search modes, no events were seen.

Thirteen of fifteen MC events which passed the full sele
tion criteria for at least one of the search modes had at l
one identified track coming from aB meson decay, withB
→Dp accounting for approximately one-half of these.
four of the thirteen cases, reconstructed rest mass mis
due to undetected charged or neutral particles was supp
by random fragmentation tracks.

Figure 1 shows the expected signal and background
tributions as a function of the discriminator output from t
MC simulation of a typical mode—theB0→r0r0 mode for
the VXD-2 running period—assuming a branching fracti
Br(B0→r0r0)51024. Figure 2 shows the relative rate be
tween data and MC simulation of the inclusion of bac
ground as the discriminator cut is relaxed, for the sa
sample. At a branching ratio of 1024, a clear signal is ex-
pected, while backgrounds seem to be well modeled.

The mode for which the observed signal was least lik

FIG. 1. Expected signal~shaded! and background for theB0

→r0r0 channel, as a function of the discriminator output. The p
shown is from the VXD-3 period Monte Carlo, assuming a bran
ing fraction Br(B0→r0r0)51024.
1-4
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FIG. 2. Comparison between VXD-3 data and Monte Ca
simulation of the rate of introduction of background into theB0

→r0r0 sample as the discriminator function cut is relaxed. T
lines represent the upper and lower 90% C.L. limits under the
sumption that the Monte Carlo accurately models the backgrou
07110
to be accounted for by a statistical fluctuation in the expec
background wasB0→K̄* 0K* 0. The Poisson likelihood of an
expected background of 0.27 event fluctuating to three
more events is 0.27%, but depends strongly on the valu
the expected background. A study for this mode similar
that of Fig. 2 yielded an additional 11 events, compared t
MC expectation of an additional 3 events. Thus, for th
mode there is reason to believe that the background is un
estimated, and so, as for other modes, only an upper l
will be quoted.

The branching ratio upper limitsL are related to the sta
tistical upper limitsa on the number of observed even
according toa5S•L; S5NB•«, with NB the estimated
number of applicableB meson decays, and« the estimated
efficiency for reconstructing the given signal mode. T
number ofB1(B0) and Bs

0 meson decays in the full SLD
data sample is estimated from the measured SLD sam
luminosity and knownB meson production rates to b
(1.0260.05)3105 and (0.2760.05)3105, respectively. It
has been assumed that (21.760.1)% of hadronicZ0 decays
involve primaryb quarks, and of these, (39.722.2

11.8)% areB0

s-
d.
he
at
TABLE I. Summary of efficiency («), sensitivity ~S!, expected background, number of events in t
signal region, classical~C! and Bayesian~B! 90% C.L. upper limit~UL! for the 24 search modes. Note th
the sensitivities~but not the efficiencies! take account of the branching fraction forf or K* 0 into a fully
charged two-body final state, where applicable.

Mode « S (31024) Bckd Data UL~B; 3104) UL ~C; 3104)

B0→p1p2 0.338 3.4660.31 0.03 0 0.69 0.67
B0→K2p1 0.345 3.5360.32 0.14 0 0.67 0.66
B0→K1K2 0.341 3.4960.28 0.14 0 0.67 0.66

Bs
0→p1p2 0.379 1.0260.16 0.03 0 2.35 2.32

Bs
0→K2p1 0.335 0.9160.15 0.10 0 2.62 2.61

Bs
0→K1K2 0.311 0.8460.14 0.20 0 2.77 2.83

B1→r0p1 0.272 2.7860.26 0.34 0 0.81 0.83
B1→r0K1 0.264 2.7060.24 0.41 0 0.83 0.86
B1→K* 0p1 0.285 1.9460.17 0.17 0 1.21 1.19
B1→K* 0K1 0.248 1.6960.18 0.17 0 1.39 1.38
B1→fp1 0.301 1.5160.12 0.07 0 1.59 1.53
B1→fK1 0.321 1.6160.12 0.14 0 1.47 1.44

B0→r0r0 0.263 2.7660.24 0.31 1 1.57 1.36

B0→K̄* 0r0 0.253 1.7660.15 0.49 2 3.30 2.86

B0→K̄* 0K* 0 0.304 1.4260.12 0.27 3 5.27 4.69

B0→fr0 0.298 1.5360.13 0.14 0 1.58 1.56

B0→fK̄* 0 0.295 1.0160.08 0.14 1 4.34 3.84

B0→ff 0.393 0.7460.05 0.00 0 3.37 3.21

Bs
0→r0r0 0.277 0.7760.13 0.27 0 3.06 3.20

Bs
0→K̄* 0r0 0.272 0.5060.09 0.34 1 8.52 7.67

Bs
0→K̄* 0K* 0 0.265 0.3360.05 0.17 2 18.21 16.81

Bs
0→fr0 0.290 0.3960.06 0.07 0 6.24 6.17

Bs
0→fK* 0 0.265 0.2460.04 0.14 0 10.02 10.13

Bs
0→ff 0.308 0.2160.03 0.00 0 12.11 11.83
1-5
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or B1 decays, and (10.522.2
11.8)% areBs

0 decays@5#. The un-
certainty in the signal mode efficiencies was conservativ
estimated to be the total difference in the MC efficiency
timate with and without the extra momentum, tracking e
ciency, and track origin parameter smearing. Including
additionalVV mode polarization systematic error, as well
the MC statistical error ofD«/«.2 – 5 %, due to the limited
size of the generated signal mode samples, the total mo
ing error was between 6–10 % for all modes.

Table I exhibits the number of candidate events, expec
background, efficiency, sensitivity~S!, and resulting 90%
C.L. upper limits for both the Bayesian@12# and classical
@13# approaches for the 24 search modes. Each four-pr
mode limit presented here, with the exception ofB0

→fK̄* 0 and B0→ff, either improves upon the existin
limit @5#, or is the first available limit for the given mode
Two of the two-prongBs

0 modes (p1p2 and K2p1) are
competitive with existing limits@5#. Furthermore, a compari
son of the probability distribution for the combination of th
r0p1 and K* 0p1 modes with that implied by the
DELPHI result Br(B1→r0p1,K* 0p1)5(1.720.8

11.260.2)
.

s.
h,

07110
ly
-

-
e

el-

d

ng

31024 yields only a 10% probability that the two measur
ments are consistent with the same central value.

In conclusion, the excellent tracking capabilities of t
SLD detector have enabled the SLD to establish a numbe
unique or competitive limits on the decay ofB mesons to
exclusive charmless final states. In particular, most of
four-prong quasi two-body limits presented here are the m
stringent limits available. In addition, the SLD limits o
Br(B1→r0p1),0.8331024 and Br(B1→K* 0p1),1.19
31024 ~90% C.L.! rule out a DELPHI observation of the
sum of these two modes@3# in favor of more stringent limits
from CLEO @4#.
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