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We have performed a search for radiativeb-hadron decays using events produced inpp̄ collisions
at As51.8 TeV and collected by the Collider Detector at Fermilab. The decays we considered wereB̄d

0

→K̄* 0(→K2p1)g, B̄s
0→f(→K1K2)g, Lb

0→L(→pp2)g, and their charge conjugates. Two independent
methods to identify photons from such decays were employed. In the first method, the photon was detected in
the electromagnetic calorimeter. In the second method, the photon was identified by an electron-positron pair
produced through the external photon conversion before the tracking detector volume. By combining the two
methods we obtain upper limits on the branching fractions for theB̄d

0 , B̄s
0 , andLb

0 radiative decays which, at
the 95% confidence level, are found to beB(B̄d

0→K̄* 0g),1.431024, B(B̄s
0→fg),1.631024, andB(Lb

0

→Lg),1.931023.

DOI: 10.1103/PhysRevD.66.112002 PACS number~s!: 14.40.Nd, 14.20.Mr
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I. INTRODUCTION

Flavor-changing neutral currents~FCNC’s! are suppressed
in the standard model~SM! by the Glashow-Iliopoulos-
Maiani mechanism@1#, and such transitions can only resu
from higher order processes. The ‘‘penguin’’ process is o
such example, where an effective FCNCb→s or b→d tran-
sition proceeds through the emission and reabsorption
virtual W boson. A photon, gluon, orZ boson is emitted from
the quark or theW in the loop, with the presence of a photo
signaling an ‘‘electromagnetic’’ penguin process~see Fig. 1!.

It is expected in the SM that the top quark dominates
the fermion part of the loop of the diagram. The existence
non-SM heavy charged particles, however, could affect
branching fraction for this decay. In addition, dire
CP-violating effects could be enhanced by processes bey
the standard model. Therefore, measurements of radiatib
hadron decays constitute low energy probes for physics
yond the SM@2#. Within the SM framework, radiativeb
→s decays are sensitive to the magnitude of the Cabib
Kobayashi-Maskawa~CKM! matrix @3# elementuVtsu, while
radiative b→d decays are sensitive touVtdu. Ratios of
branching fractions involvingb→dg andb→sg decays can
thus be used to measure the ratio (uVtd /uVtsu). This ratio
determines the length of one side of the unitarity triang
and may explain the source ofCP violation in the SM@4#.

The branching fraction for the exclusive radiative dec
B̄d

0→K̄* 0g was first measured by CLEO to be (4.5520.68
10.72

60.34)31025 @5#. The most precise measurements of t
branching fractionB(B̄d

0→K̄* 0g) are (4.2360.4060.22)
31025 by the BABAR Collaboration@6# and (4.9660.67
60.45)31025 by the BELLE Collaboration@7#. Both col-
laborations have also measured the branching frac
B(Bu

2→K* 2g), with (3.8360.6260.22)31025 obtained
by BABAR @6# and (3.8960.9360.41)31025 obtained by
BELLE @7#. BELLE has also reportedB(B→rg)/B(B
→K* g),0.19 at 90% confidence level~C.L.! @7#. The
branching fraction for the inclusive radiative decaysB
→Xsg, whereXs represents a collection of hadrons conta
ing strange quarks, was also measured by CLEO to
(3.1560.3560.3260.26)31024 @8#, where the first uncer-
11200
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tainty is statistical, the second is systematic, and the thir
for model dependence. The studies of the heavierb-hadron
decays such asB̄s

0 and Lb , which are not produced at th
Y(4S), must be done at the higher energy machines, suc
the Tevatron. No exclusive radiative decays ofB̄s

0 nor Lb
0

have been observed to date. From a search forB̄s
0→fg de-

cays, the DELPHI Collaboration obtainedB(B̄s
0→fg)

,7.031024 at 90% C.L.@9#.
Even though calculations for the exclusive decay ra

have higher theoretical uncertainties compared to inclus
decay rates, ratios of exclusiveb→dg andb→sg branching
fractions can be calculated with good precision and the
termination of (uVtd /uVtsu) is feasible with the use of exclu
sive decays@10#. This is especially useful for a hadron co
lider environment, where the experimental signature
radiative b decays is much cleaner when exclusive dec
are considered.

In this paper we report the results of a search forB̄d
0

→K̄* 0(→K2p1)g, B̄s
0→f(→K1K2)g, and Lb

0→L

(→pp2)g decays in events produced inpp̄ collisions at
As51.8 TeV and recorded by the Collider Detector at F
milab ~CDF! during 1994–1996. Two methods to identif
such decays are employed. In the first method~method I!
@11#, the photon is detected in the electromagnetic calor
eter. The trigger for this method required a minimum ene
deposition in the calorimeter and two oppositely charg
tracks that were distinct from the calorimeter signal. In t
second method~method II! @12#, the photon is identified by
an electron-positron pair produced through an external p
ton conversion within the tracking detector volume. One
the conversion electrons, detected in the electromagn

FIG. 1. Feynman diagrams for theb→sg andb→dg penguin
loops.
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calorimeter, served as a trigger for recording these eve
The b hadrons are then exclusively reconstructed with fo
charged tracks.

II. COLLIDER DETECTOR AT FERMILAB „CDF…

Since CDF is described in detail elsewhere@13#, we de-
scribe here only the components relevant to this work. In
paper we use a cylindrical coordinate system (r ,f,z) with
the origin at the nominal interaction point, thez axis parallel
to the nominal beam direction,r the distance from the beam
in the plane transverse to thez axis, andf the azimuthal
angle. We defineu to be the angle with respect to the1z
direction and the pseudorapidity ash[2 ln@tan(u/2)#.

The tracking systems consist of a silicon vertex detec
~SVX!, a vertex time projection chamber~VTX !, and an
open-cell multiwire drift chamber~CTC!, all immersed in a
1.4 T solenoidal magnetic field aligned with thez axis. The
SVX @14# is the innermost system, with its four layers
single-sided silicon microstrip detectors in the radial range
3.0 to 7.9 cm. The active area is 51 cm long inz and covers
60% of thepp̄ interaction region. The microstrips all ru
parallel to thez direction and therefore track charged pa
ticles in the transverse plane. The SVX measures the im
parameter of tracks with respect to the beam line with
resolution of sd(pT)5(13140/pT) mm, where pT is the
momentum of the track in the transverse plane in GeVc.
This precision close to the beamline helps distinguish
tracks ofB decay products from those originating at thepp̄
interaction point.

The VTX @15# surrounds the SVX and consists of 28 dr
modules with an outer radius of 22 cm andz coverage up to
6136 cm. The VTX tracks particles in ther -z plane and
provides a measurement of the actualpp̄ interaction point
along thez axis with a resolution of 1 to 2 mm. From
combination of this information with SVX measuremen
the transverse beam profile has been measured with an a
racy of 25mm.

Outside the VTX lies the CTC@16#, which extends out to
a radius of 138 cm anduzu,160 cm. It contains 6156 wire
arranged in 84 layers, which are further grouped into 9 ‘‘s
perlayers.’’ Five of these superlayers are made of 12 layer
wires strung parallel to thez axis ~‘‘axial superlayers’’!. The
remaining four superlayers of six wires each are tilted 3°
the f direction ~‘‘stereo superlayers’’!. The combination of
axial and stereo measurements yields a three-dimens
track. Where appropriate, this track is augmented with S
measurements to obtain precise impact parameters. The
mentum resolution of such tracks, often simply called ‘‘SV
tracks,’’ iss(pT)/pT5@(0.0009pT)21(0.0066)2)] 1/2 with pT
in units of GeV/c. With such momentum and impact param
eter resolutions, along with the narrow beam, CDF at
Tevatron is an excellent tool for the study ofB physics.

The calorimetry systems of CDF lie outside the tracki
systems and solenoid. We focus on the calorimetry in
uhu,1 ~‘‘central’’ ! region, which is segmented int
h-projective towers covering 15° in azimuth and 0.11 un
in h. The inner layers of the towers, which make up t
11200
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central electromagnetic calorimeter~CEM! @17#, consist of a
lead-scintillator stack 18 radiation lengths deep. The CE
has a resolution ofs(ET)/ET5@(0.137)2/ET1(0.02)2#1/2,
whereET5E sinu andE is the measured energy of the tow
in GeV. A layer of proportional strip chambers~CES! is em-
bedded in the CEM near shower maximum and provid
measurements of shower position and profile in azimuth
z @17#. The outer layers of the calorimeter tower, which ma
up the central hadron calorimeter~CHA!, consist of an iron-
scintillator stack 4.5 interaction lengths deep and yield
energy resolution ofs(ET)/ET5@(0.50)2/ET1(0.03)2#1/2.
In this analysis, the CHA is used primarily to distinguis
electrons and photons, which are typically absorbed in
CEM, from hadrons, which typically deposit most of the
energy in the CHA.

A three-level trigger system is employed at CDF to sel
pp̄ events of interest@18#. The first-level trigger relevant to
this analysis selects events based on energy deposition
logical ‘‘trigger towers’’ which consist of two adjacent~in h)
calorimeter towers. The second-level trigger forms clust
of trigger towers. This trigger level also incorporates a ha
ware track processor Central Fast Tracker~CFT! @19#, which
searches for tracks in the CTC using hits in the axial lay
and matches those tracks to calorimeter clusters. The th
level trigger uses software based on optimized offline rec
struction code to analyze the whole event. Details of
trigger selection are given in the next section.

III. DATA

The data used in this analysis were collected with trigg
which selected events with calorimeter signatures charac
istic of electrons and photons. During most of the 199
1995 data-taking period~‘‘run IB’’ !, the first-level trigger
selected CEM trigger towers with minimumET of 8 GeV.
The cross section of this trigger was;20 mb.

Subsequent filtering of the surviving events was p
formed with the specialized ‘‘penguin trigger,’’ which is
collection of requirements on all three final products of t
penguin decay chainsB̄d

0→K̄* 0(→K2p1)g and B̄s
0→f

(→K1K2)g. The innovative feature of this trigger was th
use of all the information available at the second trigger le
to select a specific topological configuration of the final st
particles.

The second-level trigger performed tower clustering a
required the event to contain a cluster withET.10 GeV in
the electromagnetic section. The same cluster could incl
hadronic energy deposition and the trigger required the h
ronic component to be less than 12.5% of the electrom
netic component. A further requirement of at least 4.5 G
deposition in the CES reduced the trigger rate by half wh
keeping 90% of the electrons and photons.

The CFT track processor was then used to select top
gies suggestive of a penguin decay, with its photon and
charged hadrons. No track found by the CFT was allowed
point at the the samef as the photon calorimeter towe
~spanning 15° inf). Two oppositely charged tracks wit
pT.2 GeV/c were sought close to the photon~within two
2-4



°
y.

os

in
m
en

a
s-
2.

IB
on

e
s

e
h

it
th
in
i
T
e

in

te
B
s
hi
t

th

re-
of

ing
cy

ton
and
no

ent
the
on

w-

the
ic
me.
to

n
re
ton
was
ld
nts,
nly

ui
te
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calorimeter towers! and they were required to lie within 18
of one another inf. Figure 2 illustrates the trigger topolog
These track-related requirements were;35% efficient for
selecting penguin events while reducing the trigger cr
section to;80 nb.

When the trigger rate exceeded the limit of the data tak
rate we further reduced the trigger rate by rejecting so
fraction of the events which satisfied the trigger requirem
~‘‘prescale’’!. The second-level trigger was prescaled by
factor of two whenever the instantaneous luminosity w
above;2131030 cm22 s21. The data loss due to the pre
cale, however, was minimal: this trigger considered (2
60.9) pb21 out of the;23 pb21 of data available to it. This
data sample does not correspond to the entirety of run
The penguin trigger required the combination of informati
from different reconstructed objects~i.e. the photon and the
two tracks! at the second trigger level; this capability becam
available with the installation of higher power trigger proce
sors in the latter stages of run IB.

Events satisfying the second-level trigger were th
passed to the third-level trigger for further consideration. T
photon candidate’s electromagneticET , reevaluated with
clustering software, was required to be at least 7 GeV, w
an associated hadronic energy deposition of no more
15% of that in the CEM. The profiles of energy deposition
the CEM and CES were also required to be consistent w
expectations based on test beam results for electrons.
track cuts applied by the second-level trigger were confirm
at this trigger level using offline beam-constrained track
in the CTC.

The open points of Fig. 3 show the penguin trigger ra
as a function of instantaneous luminosity during run I
These rates can be compared with the total trigger rate
each trigger level, shown by the closed points. From t
figure we see that one out of 200 events accepted by
generic level-one calorimeter trigger also satisfied

FIG. 2. The topology of the objects considered by the peng
trigger, shown on a schematic depiction of the CEM calorime
with the beam pipe going perpedicularly through this page.
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second-level penguin trigger. The third-level trigger requi
ments provided an additional rate reduction by a factor
6.5. Approximately 300000 events were collected dur
Run IB by the penguin trigger. The overall trigger efficien
for penguin decays resulting fromB mesons with pT
.12 GeV/c and uyu,1.25 was (1.760.2)% for Bd
→K* 0g and (2.660.3)% forBs→fg decays. This sample
was further refined in the offline analysis by selecting pho
candidates in the good fiducial areas of the calorimeter,
by requiring that full CTC track reconstruction revealed
three-dimensional track pointing to the cluster. TheET(g)
threshold was raised to 10 GeV. The selection requirem
on the ratio of hadronic to electromagnetic energy of
clusterHAD/EM was tightened to 10%, and requirements
shower profile consistency were also tightened.

The trigger thresholds for the penguin trigger were lo
ered for the 1995–1996 data-taking period~‘‘run IC’’ !. At
the first trigger level, theET threshold was lowered to
5 GeV, raising the cross section to;30 mb. The second-
level energy requirements were lowered to 6 GeV in
CEM and 3 GeV in the CES while the relative hadron
energy and track topology requirements were kept the sa
The trigger cross section at this level was thus raised
;500 nb. The photonET threshold was lowered to 5 GeV i
the third-level trigger, while the other requirements we
kept the same as in run IB. Because of the lower pho
energy requirements, the run IC trigger acceptance rate
six times higher than the run IB trigger, and the signal yie
increased by a factor of five. As a result of these adjustme
approximately 500000 events were collected from the o
(6.660.3) pb21 of run IC integrated luminosity. The offline

n
r

FIG. 3. Level 1, 2, and 3 trigger rates for the photon1 2 track
trigger as a function of instantaneous luminosity in run IB~open
points!. Total trigger rates for each stage are also shown~filled
points!.
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ET cut was accordingly lowered for this data to 8 GeV.
A sample of electron candidates was also accumula

through Runs IB and IC. The trigger for this sample used
same first-level requirements as described above, but
quired ET.8 GeV at the second level, along with a CF
track with pT.7.5 GeV/c pointing to the EM cluster’sf
bin. At the third trigger level, the reevaluated thresholds w
ET.7.5 GeV andpT.6 GeV/c. Moreover, the track’s tra-
jectory was extrapolated to the CES and compared with
shower positions; agreements within63 cm in the azi-
muthal direction and610 cm inz were required. These trig
ger requirements were applied throughout Runs IB and I

The electron candidate sample serves two purposes in
analysis. In method I we search for radiative decays am
events selected by the penguin trigger. The electron sam
provides a reference signal,B̄→e2D0(→K2p1)X, which
we compare to the yield of radiative decay candidates.
facilitate this comparison, the same fiducial,ET , and calo-
rimeter requirements were applied offline to the subsam
of the electron data which was collected concurrently w
the penguin trigger; the uncertainties in the integrated lu
nosities of these two data sets are thus completely correla
Because this reference sample was obtained by triggerin
electrons, a single track was required to point to the elec
cluster. Nevertheless, in order to simulate the penguin trig
requirements, no other track was allowed to point to thaf
bin.

In method II, where the photons are identified throu
their conversion toe1e2 pairs, the search for radiative de
cays is performed in the electron candidate sample its
In this case, the offline selection applies fiducial, show
profile, and track-shower match requirements in a man
similar to method I, but theET threshold is lower at 8 GeV
The minimum trackpT is 6 GeV/c. The selection require
ment on the ratio of hadronic to electromagnetic energy
the clusterHAD/EM is tightened to 4% when only one trac
pointed to the cluster, but is left at 10% in cases with m
than one track associated with the cluster. This sample
provided the reference signal,B1→J/c(→e1e2)K1, and
thus the entire Run IB data set is used for this method.
electron trigger accumulated 74 pb21 during this period,
amounting to approximately 3 million events satisfying t
offline criteria.

IV. METHOD I: PHOTON TRIGGER

In this section we describe the search forB̄d
0

→K̄* 0(→K2p1)g and B̄s
0→f(→K1K2)g decays using

the penguin trigger described in the preceding section.
sensitivity of this method toLb

0→L(→pp2)g is strongly
reduced by the trigger requirement ofpT.2 GeV/c for the
pion track, because in theL→pp decays the proton carrie
most of the momentum of its parent and the pion is v
slow. Thus, we do not attempt to reconstruct such decays
derive the branching fraction limits for the radiativeB decays
from the ratios between the numbers of candidate events
events of the reference signal,B̄→e2D0(→K2p1)X,
found in the single electron data set.
11200
d
e
e-

e

e

.
is
g
le

o

le

i-
d.

on
n

er

lf.
r
er

f

e
so

e

e

y
e

nd

A. Radiative decay reconstruction

We selected candidate daughters of theK̄* 0 and f me-
sons from the radiativeB decays by asking for two oppo
sitely charged tracks reconstructed with the inclusion of
least three hits in the SVX. Each track was required to h
been found by the trigger system and havepT.2 GeV/c.
The penguin trigger topology requirements on the tracks
the photon candidate were reinforced offline. We then c
strained each pair of candidate tracks to intersect at a c
mon vertex and required the confidence level~C.L.! of the
constrained fit to exceed 1%.

We retained two-track combinations consistent withK̄* 0

→K2p1 by requiring uM (K2p1)2MK̄* 0u,80 MeV/c2,
whereMK̄* 0 is the world averageK̄* 0 mass (896.1 MeV/c2)
@4#. This window, corresponding to three times the natu
K̄* 0 width, contained more than 85% of theK̄* 0 signal. If
the track pair also fell within the mass window when theK
andp mass assignments were switched, we chose the as
ment which yielded the two-track mass closer to the wo
average. This approach yielded the correct assignment
of the time. For f→K1K2 decays, we required
uM (K1K2)2Mfu,10 MeV/c2, whereMf is the world av-
eragef mass (1019.4 MeV/c2) @4#. This window, corre-
sponding to four times the naturalf width, contained 86.5%
of the f→K1K2 signal.

In order to rejectK0→p1p2 decays, we assigned pio
masses to the two tracks and required thatuM (p1p2)
2MK0u.15 MeV/c2. We thus rejected combinations wit
masses within 2s of the world averageK0 mass and retained
95.4% of the K̄* 0→K2p1 decays and all of thef
→K1K2 decays. For events in the Run IB and Run IC pe
guin trigger samples surviving the aforementioned selec
criteria, we show in Fig. 4 the invariant mass distribution
K1p2 andK2p1 combinations, included in the same plo
r0→p1p2 decays are reflected in this plot, at high
masses than theK* 0, when one of the pions is assigned th
kaon mass. In the same figure we also show the invar
mass distribution forK1K2 combinations. The arrows indi
cate the windows for acceptingK* 0 andf candidates.

The track pair was combined with the photon candid
by adding their four-momenta. The trajectory of the phot
candidate was determined by assuming that it origina

FIG. 4. Left: Invariant mass distributions ofK1p2 andK2p1

included in the same plot. Right: Invariant mass distribution
K1K2 combinations. The arrows indicate the windows for acce
ing K* 0 andf candidates.
2-6
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from the pp̄ vertex closest inz to the track pair vertex; we

call thispp̄ vertex ‘‘primary.’’ Because the lifetimes of thef
andK̄* 0 mesons are almost ten orders of magnitude sma
than that of theB meson@4#, the common fitted vertex of the
two charged tracks indicated the point where the parenB
meson decayed. We computed theB meson’s signed deca
lengthLT5VW T•pW T /pT , whereVW T is the displacement in the
transverse plane of theB decay vertex with respect to th
primary vertex~see Fig. 5!, andpW T is theB meson momen-
tum projected on the same plane. The proper decay lengct
could then be calculated withct5LT•(M /pT), whereM is
the reconstructed mass of theB meson candidate. The typica
ct resolution was 100mm. We required 0,ct,3 mm,
which retained 90% of the signal while rejecting half of t
fake B meson candidates formed by tracks coming direc
from the primary vertex.

We further required that theB meson carry most of the
momentum in its vicinity. We defined the isolation variab

I B[
pT~B!

pT~B!1 (
DR<1

pT

, ~1!

where the sum is over tracks consistent with originating fr
the primary vertex and withinDR[A(Dh)21(Df)2,1 of
the B candidate trajectory. TheB candidate daughters wer
excluded from the sum. We requiredI B.0.7. Studies with
reconstructedB decays in data indicate that this requireme
is ;95% efficient in selecting realB mesons of pT
.15 GeV/c while rejecting half of the combinatorial back
ground.

The mass resolution ofB mesons reconstructed in th
above manner is given by simulation to be 110 MeV/c2,
dominated by the energy resolution of the photon. We h
usedD0→K2p1 and electrons from the reference signalB̄
→e2D0X to verify that the simulation closely reproduce
the momentum resolution and impact parameter resolut
of tracks, as well as the energy resolution and shower c
acteristics of electromagnetic objects. CDF has already d
onstrated its ability to use energy depositions in the elec
magnetic calorimeter to reconstruct the exclusive dec
p0→gg, h→gg, r1→p1p0 andxc1→J/cg @20,21#.

After the above selection criteria, we expect;1.7K̄* 0g
and ;0.7fg signal events within6220 MeV/c2 of the
world averageB̄d

0 and B̄s
0 masses of 5279 MeV/c2 and

5369 MeV/c2, respectively@4#. Judging from the population
of events in the sidebands of theBd

0 and Bs
0 signal mass

regions, we expect;400K̄* 0g and ;40fg background
events in these mass windows. To further improve our s
sitivity to the radiative decays, we exploited the longB me-
son lifetime and the fact that we reconstructed all its dau
ters. The long lifetime resulted in large impact parameters
the K̄* 0 andf daughters with respect to the primary verte
we cut on the significance of the impact parameters in
transverse plane,ud/sdu. The impact parameter resolutio
was typically sd;30 mm. We also formed an ‘‘alignmen
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angle’’ between the transverse momentumpW T and the dis-
placementVW T of the B meson candidate~see Fig. 5!:

qalign[cos21S pW T•VW T

upW Tu•uVW Tu
D . ~2!

Since we fully reconstructed theB meson, real meson
yielded small values ofqalign, whereas the combinatoria
background peaked away from zero. As a pure backgro
sample we used events in the high mass region
,M (K̄* 0g,fg),10 GeV/c2, where no realB mesons
should be found. Comparing theualign distributions of the
simulated signal events with the distribution obtained fro
the background sample, we selected signal-like events
demandingualign,0.15 rad, for both theBd̄ andBs̄ decays.
We subsequently found the impact parameter significance
which gave the highest signal-to-background efficiency ra
It turned out that the best value was the one which rejec
all events in the background~high mass! region.

The optimized selection cuts forB̄d
0 radiative decays were

qalign,0.15 rad andud/sdu.5. These requirements wer
66% efficient in retainingB̄d

0→K̄* 0g decays. For theB̄s
0

decays, the narrowerf resonance, compared to theK̄* 0,
resulted in a smaller number of combinatorial backgrou
events falling within the, consequently narrower, mass w
dow used to select the relevant two-track pairs. Thus,
optimized ud/sdu cut for the B̄s

0 was less strict atud/sdu
.2.5. These optimized requirements are 69% efficient
retainingB̄s

0→fg decays.
Figure 6 shows the invariant mass distributions of t

three-body combinations surviving all the selection criter
The 6220 MeV/c2 signal region around the world averag
B mass is double hatched in the figure, and the sideb

FIG. 5. TheB decay vertex and relevant quantities on the pla
transverse to the beam. For clarity, only theB momentum and one
of its’ charged daughters are shown.
2-7
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regions, 3.9,M (K̄* 0g),4.9 and 5.7,M (K̄* 0g)

,6.7 GeV/c2, are single hatched. OneB̄d
0→K̄* 0g candi-

date, from the run IC sample, remains in the signal regi
while five populate the sidebands. The expected backgro
in the signal region, assuming a uniform distribution interp
lated between the sidebands, isNbg51.160.5 events. There
are two events just outside the signal window. However,
probability of them being signal is small.

In the B̄s
0→fg case, no candidates survive the select

cuts. Since there are also no events in theB̄s
0 sidebands, in

the signal region we expectNbg,0.54 events with 90% con
fidence@4#, assuming a uniform distribution interpolated b
tween the sidebands.

B. Reference signal reconstruction

We reconstructed our reference sample ofB̄
→e2D0(→K2p1)X decays, by adding the four-momen
of the two tracks and the electron candidate. Fore1D0 com-
binations fromB decays, we expected the kaon from theD0

to have the same charge as the electron. The mass as
ment of the pion and kaon masses to the two tracks was
uniquely determined.

We retainedB̄→e2D0(→K2p1)X candidates with a
pT(B) distribution similar to that of the radiative decay ca
didates by requiringpT(eKp).15 GeV/c in run IB. For run
IC, this threshold was lowered to 13.5 GeV/c to accommo-
date the lower photon threshold. We also required that
mass of the three-body combinationM (eKp) be less than
5 GeV/c2. Finally, we applied the same 0,ct,3 mm and
I B.0.7 requirements as on the radiative decay candida

FIG. 6. Top: gK2p1 invariant mass distribution forB̄d
0

→gK̄* 0(→K2p1). There is one candidate. Bottom:gK1K2 in-

variant mass distribution forB̄s
0→gf(→K1K2). There are no

candidates seen.
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These semileptonic decays, however, were not fully rec
structed, and we used the combined momentum of the
1D0 system for the~pseudo-proper! lifetime calculation. In
addition, rather than extrapolating theD0 decay vertex to the
trigger electron track in order to locate theB decay vertex,
we simply used theD0 decay vertex for the calculation ofct
to avoid additional systematic uncertainties due to the furt
vertex reconstruction.

We then requiredud/sdu.3 for the kaon and pion track
from the D0→K2p1 decay. SinceB̄→e2D0X decays are
not fully reconstructed, we do not make aqalign cut. The
invariant masses of the selectedK2p1 combinations from
B̄→e2D0X candidates are shown in Fig. 7. TheK2p1

combinations with the wrong charge correlation with t
electron are also shown. We estimated the number oB̄
→e2D0X candidates by fitting the data with a Gaussian s
nal and a linear background and we found 40.767.3 events
in run IB and 27.466.2 events in run IC.

C. Efficiencies

In method I we infer the radiative decay branching fra
tion from a measurement of its ratio with the knownB(B̄
→e2D0X). Theb-quark production cross section cancels
the ratio, while the effect of systematic uncertainties is
duced. We write, forB̄d

0→K̄* 0g,

FIG. 7. Invariant mass distributions of theK2p1 combinations

for B̄→e2D0(→K2p1)X, decays in the run IB~top! and IC~bot-
tom! data. The right-sign distributions~points! are for same charge
electrons and kaons, as should be the case if they are both pro
of the realB decay chain, whereas in the wrong-sign distributio
~histograms! the kaon has opposite charge to the electron. By fitt
a Gaussian and a straight line to the right-sign distributions we

40.767.3 and 27.466.2 candidateB̄→e2D0(→K2p1)X events
in runs IB and IC, respectively.
2-8
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TABLE I. Ingredients for the calculation of the branching fractions ofB̄d
0→K̄* 0g andB̄s

0→fg decays in method I according to Eqs.~3!
and ~4!.

B̄d
0→K̄* 0g B̄s

0→fg
Run IB Run IC Run IB Run IC

Nobs ~events! 0 1 0 0
Nbg ~events! 0.960.4 0.260.2 ,0.54 ~90% C.L.! ,0.54 ~90% C.L.!
NeD0 ~events! 40.767.3 27.466.2 40.767.3 27.466.2

f d,s /( f u1 f d) 1/2 0.21360.038

B(K̄* 0→K2p1) 2/3 —

B(f→K1K2) — 0.49160.008

B(B̄→e2D0X)•B(D0→K2p1) (2.9460.4)31023 (2.9460.4)31023

esignal/eeD0 2.65 2.01 3.50 2.48
Lpeng/LeX 22.3/16.2 6.6/4.2 22.3/16.2 6.6/4.2

Single event sensitivity 5.9431025 10.231025 1.4431024 2.6431024

Combined 3.7531025 9.2931025
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B~B̄d
0→K̄* 0g!5B~B̄→e2D0X!

3
NK* 0g

NeD0
F f d

f u1 f d

B~K̄* 0→K2p1!

B~D0→K2p1!

3
eK* 0g

eeD0

Lpeng

LeX
G21

, ~3!

and, forB̄s
0→fg,

B~B̄s
0→fg!5B~B̄→e2D0X!

Nfg

NeD0

3F f s

f u1 f d

B~f→K1K2!

B~D0→K2p1!

efg

eeD0

Lpeng

LeX
G21

,

~4!

whereNK* 0g,fg /NeD0 is the ratio of the observed number
events of the radiative decays andB̄→e2D0X,
eK* 0g,fg /eeD0 is the ratio of the efficiencies, andLpeng/LeX
is the ratio of the integrated luminosities of the penguin a
the inclusive electron data samples. We assume that the c
position of B̄→e2D0X candidates is onlyBu

2 and B̄d
0 , and

thus the ratios of the fragmentation fractions aref d,s /( f u
1 f d), neglecting the small contributions from otherb had-
rons such asB̄s

0 andLb
0 to the denominator. We note that th

contribution of the B̄s
0 through the B̄s

0→e2n̄eDs**
→e2D0X decay is estimated to be less than 3% in thee
1D0 sample. The branching fractions@4# and fragmentation
fractions@22# used in this analysis are listed in Table I.

Since we use electron trigger data collected concurre
with the penguin trigger data, the integrated luminosities
pp̄ collisions are the same for the two data sets. The ef
tive integrated luminosities of each data set, however,
11200
d
m-

ly
f

c-
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different for the two due to the different prescale factors. T
true integrated luminosities for the penguin and electron d
set are 22.3 pb21 and 16.2 pb21, respectively, in run IB, and
6.6 pb21 and 4.2 pb21 in run IC. We assume that all th
uncertainties cancel in the ratio.

The efficiency ratios were evaluated using a combinat
of simulation and data. We employed a Monte Carlo simu
tion of events with a singleb quark to calculate the efficien
cies of the kinematic and topological requirements impo
on the data. In this simulation theb quarks were generate
with a rapidity and momentum distribution based on a ne
to-leading order QCD calculation@23# that used the Martin-
Roberts-Stirling set D0~MRSD0! parton distribution func-
tions @24# and a renormalization scale ofm5m0

[Amb
21pT

2, wheremb54.75 GeV/c2 is the mass of theb
quark andpT is its transverse momentum. Theseb quarks
were subsequently hadronized intoB mesons using the Pete
son fragmentation function@25# with a fragmentation param
eter eb50.006. The resultingB mesons were then decaye
through the channel of interest using the QQ Monte Ca
program@26# to model the phase space, helicity, and angu
distributions of the decay products.

For the reference channel, we generated different sam

for each of the contributing decay chains:B̄→e2n̄eD
0; B̄

→e2n̄eD* (→D0X); B̄→e2n̄eD** (→D0X); and B̄

→e2n̄e(Dnp)nr followed by (Dnp)nr→D0X, where
(Dnp)nr indicates aD meson produced in non-resonant a
sociation with extra pions. We then mixed these semilepto
samples according to their relative abundances and sele

efficiencies to create a representativeB̄→e2D0X sample.
We fed these events through the detector and trigger sim
tions to obtain the efficiencies. We also used this simulat
to calculate the relative effects of the photon and elect
trigger cuts, the offline quality cuts, and the track reconstr
tion in the SVX. We considered simulated SVX track reco
2-9
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D. ACOSTAet al. PHYSICAL REVIEW D 66, 112002 ~2002!
struction since the SVX simulation incorporated the same
efficiencies and pattern recognition as the data.

Second-level trigger efficiencies were studied using d
The efficiency of the CES energy requirement was para
etrized as a function of electron or photonET by analyzing
electrons in a very pure sample derived from photon conv
sions. Applying this parametrization to the Monte Ca
samples, we find all the efficiencies to be around 95%. T
efficiency ratios are therefore near unity, and the 2% un
tainty in the ratio is included in the systematic uncertaint

The efficiency of the CFT trigger requirements for kao
and pions was determined as a function of trackpT . We
found the CFT is 50% efficient at 1.9 GeV/c and 90% effi-
cient at 2.4 GeV/c. The efficiency function of the CFT trig
ger requirements for the electron in the reference signal
determined using a heavily prescaled electron data set w
lower energy threshold and no CFT requirement; 50% e
ciency is reached at 6.0 GeV/c and 90% at 10.0 GeV/c. The
plateau efficiency is 0.91560.010. These efficiency param
etrizations were applied to the Monte Carlo samples to st
the effect on the ratios of efficiencies.

The offline CTC tracking efficiencies for kaons and pio
were estimated by embedding Monte Carlo–generated tr
into realJ/c→m1m2 events@27#. The efficiency rises with
pT in the range 200,pT,400 MeV/c, and plateaus at a
value which depends on the instantaneous luminosity and
charge of the track. The integrated efficiency for tracks w
pT.400 MeV/c is 0.9660.02. Again, we applied the effi
ciency parametrization to Monte Carlo samples of the dec

of interest. ForK̄* 0→K2p1 and f→K1K2 decays with
the requirementpT.2 GeV/c for the kaons and pions, th
efficiency of offline CTC tracking was found to be 0.9
60.04. The corresponding efficiency for theK2p1 combi-
nations from theD0 decays is;1% lower due to the lower
pT of the tracks. The uncertainties in these efficiencies
dominated by the instantaneous luminosity dependenc
the tracking efficiency and thus cancel in the efficiency ra
The offline tracking efficiency for the trigger electron in th
reference signal was estimated using an independent ele
data sample to be 0.9960.01. We therefore estimate the rat
of tracking efficiencies for bothK* 0g and fg, relative to
the reference signal, to be 1.0260.02.

The effect of the isolation requirements for the trigg
photon or electron, as well as theI B.0.7 cut for theB me-
son, depends strongly on the environment of theB decay

~e.g.,b fragmentation, or multiplepp̄ interactions!. We ex-
pect similar environments around theB mesons in the refer
ence and radiative decay processes and consequently th
ficiencies are nearly equal. Small differences can be expe
due to the extra particles produced inB̄→e2D0X decays and
because the reference signal containsB2 mesons along with
B̄0. We simulated the fullpp̄→bb̄ environment using the
PYTHIA Monte Carlo generator, tuned to match the under
ing charged particle distributions inB̄→,2D0X data @28#.
We fed these events through the detector and trigger sim
tions and found that the isolation efficiencies are somew
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higher for the radiative decay channels than for the refere
signal; the ratio is 1.0460.02 for B̄d

0→K̄* 0g and 1.06

60.02 for B̄s
0→fg.

Taking all the efficiencies into account, we find that t
efficiency ratios between the radiative decays and the re
ence channel areeK* 0g /eeD052.7 in run IB and 2.0 in run
IC. In theB̄s

0→fg case, we find these ratios to be 3.5 in r
IB and 2.5 in run IC.

Table I summarizes the elements of the branching frac
calculation for each of the decay modes investigated h
The table also shows the ‘‘single event sensitivity’’S for the
two penguin decay modes.S is defined here as

S5
branching fraction

observed number of events
~5!

and can be rewritten with the known quantities by using E
~3! and ~4!. This quantity represents the branching fracti
which would result in an average of one event being o
served in this analysis. The difference in the sensitivities
tween theB̄d

0→K̄* 0g and B̄s
0→fg decay modes is domi

nated by the difference of theb quark hadronization
fractions.

Using the single event sensitivities in Table I and assu
ing B(B̄d

0→K̄* 0g)5B(B̄s
0→fg)54.2331025 @6#, we an-

ticipate NK* 0g5B(B̄d
0→K̄* 0g)/S50.7 reconstructedB̄d

0

→K̄* 0(→K2p1)g decays in run IB and 0.4 in run IC. Fo
B̄s

0→f(→K1K2)g decays the expected yield is 0.3 even
in run IB and 0.2 in run IC.

Using the production cross section forB̄d
0 mesons at the

Tevatron@29#, we calculate the total~trigger and offline! se-
lection efficiencies forB̄d

0→K̄* 0(→K2p1)g decays result-

ing from B̄d
0 mesons withpT.6 GeV/c and uyu,1, to be

0.024% in run IB and 0.047% in run IC. Similarly, and usin
f s / f d50.426 @22# to infer the B̄s

0 production cross section

from the measuredB̄d
0 production cross section, the corre

sponding efficiencies for detectingB̄s
0→f(→K1K2)g de-

cays are found to be 0.031% in run IB and 0.057% in run

D. Systematic uncertainties

Table II lists the sources of systematic uncertainty cons
ered in this analysis. The largest contribution to the tota
the uncertainty on the yield ofB̄→e2D0(→K2p1)X de-
cays, which is 18% in run IB and 23% in run IC. The seco
largest contribution arises from the 18% uncertainty in
measurement off s /( f u1 f d) @22# ~relevant for theB̄s

0→fg
channel!, followed by the uncertainty in the product o
branching fractionsB(B̄→e2D0X)•B(D0→K2p1).

The next most significant contribution to the systema
uncertainty comes from the fraction of the time when theD0

meson from aB̄ decay is not an immediate daughter of theB̄
meson but is instead a decay product of an intermediate
citedD state. Depending on how far down the decay chain
the B̄ meson theD0 appears, the kinematics of the resultin
2-10
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TABLE II. Systematic uncertainties on the branching fractions ofB̄d
0→K̄* 0g andB̄s

0→fg decays in method
I.

B̄d
0→K̄* 0g B̄s

0→fg
Source Run IB Run IC Run IB Run IC

eD0 statistics 18% 23% 18% 23%
Monte Carlo statistics 2% 2% 2% 2%
Composition ofe1D0 sample 12% 11% 12% 11%
pT(B) distribution 3% 3% 5% 2%
CEM ET cut efficiency 7% 7% 8% 8%
CFT efficiency 3% 3% 3% 3%
CTC pattern recognition 2% 2% 2% 2%
XCES efficiency 2% 2% 2% 2%
Isolation efficiency 2% 2% 2% 2%
f s /( f u1 f d) — 18%

B(B̄→e2D0X)•B(D0→K2p1) 14% 14%

B(f→K1K2) — 2%

Total systematic uncertainty 27% 30% 33% 36%
Combined 25% 31%
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kaon and pion, and hence the reconstruction efficiencies
different. In the Monte Carlo simulation used to determi
the efficiency ratios, the nominal fractions ofD0 mesons
coming fromD** mesons and (Dnp)nr states (f ** ), from
D* mesons (f * ), and directly from theB̄ meson~f! were
f ** : f * : f 50.35:0.53:0.12@4#. These fractions were varie
to 0.24:0.62:0.14 and 0.47:0.43:0.10. We observed a 1
variation in the efficiency in run IB and 11% in run IC. W
take these variations as the systematic uncertainties in
efficiency ratios.

The rest of the systematic uncertainty contributions h
little effect on the total, which is about 30%. For instanc
the Monte Carlo efficiency estimates depend on their in
distributions, such as thepT distribution of the incident par-
ticles. We re-weight the Monte CarlopT(B) distribution
which is used as the simulation input by the ratio of t
measuredB production cross section@29# to the theoretical
prediction. Even though the efficiencies for individual cha
nels vary by as much as;20%, the ratios of efficiencies d
not change by more than 5%.

Another relatively small effect is the uncertainty in th
difference in trigger efficiencies for photons and electro
The difference resulting from the differentET spectra of the
photons and electrons is accounted for in the Monte C
calculation; moreover, we confirm that the detector simu
tion indeed reproduces the characteristics of the electrom
netic shower profile usingB̄→e2D0X decays in data. We
nevertheless assign an uncertainty due to theET differences
between the reference channel electron and the radiative
cay photon to allow for uncertainties in the simulation of t
electromagnetic energy clustering at the trigger level.
study the effect of varying the relative efficiency by r
weighting the photon and electronET distribution in the low-
est 10 GeV, away from the efficiency plateau, by as much
a factor of two ~e.g., the weight is applied for 10,ET
,20 GeV in run IB!. No weighting is applied for energies i
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the plateau region. Such a modification of the threshold
duces a change in the individual event rates by as muc
50%, but the ratio varies by only;8%, which we take as
the systematic uncertainty.

The efficiency of the CES trigger requirement itself
measured with an uncertainty of;1.5%. Assuming that the
efficiency for electrons is uncorrelated with that of the rad
tive decay photons, we obtain a conservative 2% system
uncertainty from this source.

The CFT efficiency was measured with an uncertainty
;1.5% for kaons and pions, and 1% for electrons. Beca
of the spatial proximity of the two tracks in the radiativ
decays, we consider their efficiencies to be 100% correla
and thus assign a 3% uncertainty for the efficiency ra
Another 2% uncertainty comes from the CTC tracking e
ciency, 2% from the differences in the isolation efficiencie
and 2% from the finite size of the Monte Carlo samples u
to calculate the efficiency ratios.

The uncertainties listed above were combined in quad
ture to obtain the total systematic uncertainties on
branching fractions of the radiative decays. As shown
Table II, the total is;30% for B̄d

0 and slightly higher for

B̄s
0 .
We combine the run IB and IC systematic uncertainties

assuming that the uncertainties due to the statistics of the
1D0 candidates and Monte Carlo samples are uncorrela
and any other sources are fully correlated. The uncorrela
systematic uncertainties are added in quadrature, while
fully correlated ones are simply added. The total system
uncertainties are 25% forB̄d

0 and 31% forB̄s
0 radiative de-

cays.

E. Results

Since we observe no significant signal for eitherB̄d
0 or B̄s

0

radiative decays, we set upper limits for their branching fr
2-11
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D. ACOSTAet al. PHYSICAL REVIEW D 66, 112002 ~2002!
tions. We use a conservative procedure which ignores p
sible background contributions to the observed event yie

First, we calculate an upper limit on the mean number
radiative decaysNC.L. at a given C.L., including the tota
systematic uncertaintyssyst, by numerically solving the fol-
lowing equation:

12C.L.5 (
n50

Nobs

PNC.L. ,ssyst
~n!, ~6!

where Nobs is the number of candidates observed, a
Pm,s(n) is defined with the Poisson distributionPm(n) and
the Gaussian distributionGm,s(x) as follows:

Pm,s~n!5E
0

`

Px~n!Gm,s~x!dx. ~7!

With oneB̄d
0→K̄* 0g candidate observed in the entire da

sample and a 25% uncertainty, the upper limit on the m
number of radiative decays is 4.3~5.5! at 90% ~95%! C.L.
This result, with a single event sensitivity@Eq. ~5!# of 3.8
31025, yields upper limits on the branching fractionB(B̄d

0

→K̄* 0g) of 1.631024 at 90% C.L. and 2.131024 at 95%
C.L. With no B̄s

0→fg candidates and a total uncertainty
31%, we expect less than 2.6~3.6! events on average at 90%
~95%! C.L. With a single event sensitivity of 9.331025, we
thus obtain B(B̄s

0→fg),2.531024 at 90% C.L. and
,3.331024 at 95% C.L.

V. METHOD II: PHOTON CONVERSION

In this section we describe the search forB̄d
0→K̄* 0

(→K2p1)g, B̄s
0→f(→K1K2)g, and Lb

0→L(→pp2)g
decays in which the photon is identified by an electro
positron pair produced through photon conversion bef
reaching the CTC volume. A conversion daughter withET
.8 GeV served as the trigger; the same inclusive elec
trigger was used for thee1D0 sample in method I.

Though the typical photon conversion probability was 6
for CDF in this data, this analysis benefits from the fact t
we can utilize all of the run IB data, which corresponds to
integrated luminosity of 74 pb21, or three times more than
that collected with the penguin trigger, and that there was
requirement of any additional tracks at the trigger level. T
fact allowed us to apply, in the offline selection, apT thresh-
old as low as 0.5 GeV/c to the hadron tracks coming from
the b hadron decays instead of the 2 GeV/c cut used in
method I. This lower threshold essentially doubles the e
ciency for theB hadron decay products. Moreover, in th
relatively low energy region of our interest where the trac
ing has better resolution than the calorimetry, reconstruc
b hadron masses from the momenta measured by the trac
detectors has the advantage of good mass resolution. Th
typically 45 MeV/c2 for the reconstructedB mesons and is
dominated by the momentum resolution of the trigger el
tron.

We derive the branching fractions for the radiativeb had-
ron decays from the ratios between the numbers of such
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cays andBu
2→J/c(→e1e2)K2 decays found in the sam

data set. The uncertainties in theb quark production cross
section and on the integrated luminosity thus cancel, as w
as most of the uncertainties on the detection efficiency
would have been preferable to useB̄d

0→J/cK* 0, B̄s
0

→J/cf, and Lb
0→J/cL decays instead ofBu

2→J/cK2,
since they arise from the same production mechanisms a
corresponding radiative decays and are topologically m
similar. However our samples of those final states are
small to be useful as normalization.

A. Radiative decay reconstruction

Reconstruction of the radiative decays began with ide
fication of a photon conversion. A photon conversion can
date was formed by the electron candidate and an oppos
charged track withpT.0.5 GeV/c. A fit was made which
constrains the two tracks to originate from a common ver
and be parallel to each other at the vertex. The C.L. of the
was required to be greater than 0.1%. The background du
misidentified electrons and combinatorial backgrounds
small (,1%) among the photon conversion candidates w
a vertex outside the beam pipe. The candidates that h
their conversion points inside the beam pipe are domina
by real electron-positron pairs from Dalitzp0 andh decays.
We required the transverse distance of the conversion p
from the nominal beamline to be less than 30 cm in orde
ensure that it is in the well known materials before the CT
and to be greater than 3 cm in order to reject backgrou
from Dalitz decays. We obtained;850000 photon conver
sion candidates in the run IB data. Figures 8 and 9 show,
all transverse distances, the reconstructed conversion ve
density in thex-y plane andr -z plane. The fine structure o
the CDF tracking detectors such as the SVX (r;5 cm), the

FIG. 8. Photon conversion vertex density in thex-y plane in the
74 pb21 of CDF run IB inclusive electron data. The fine structure
the CDF tracking detectors can be clearly resolved.
2-12
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SEARCH FOR RADIATIVEb-HADRON DECAYS IN pp̄ . . . PHYSICAL REVIEW D66, 112002 ~2002!
VTX ( r;15 cm), and the CTC (r .30 cm) can be clearly
resolved. The detailed study of the CDF material distribut
using;200000 conversion candidates in 1992-1993 dat
described in@30#.

For each photon conversion candidate in an event,
searched forB̄d

0→K̄* 0g and B̄s
0→fg decays. AB̄d

0 candi-
date was formed by the photon conversion candidate an
pair of oppositely charged tracks. The two ‘‘meson track
were required to be reconstructed in the SVX with hits in
least 3 layers. In addition, the transverse momenta ha
exceed 0.5 GeV/c for each track and 2 GeV/c for the two-
track system. A fit was performed with the following top
logical constraints:~1! the meson tracks originate from
common vertex;~2! the photon conversion candidate poin
back to the meson decay vertex; and~3! the four-track sys-
tem points back to the primary vertex, which was defined
be thepp̄ collision point nearest inz to the trigger electron
track’s closest approach to the beamline. We required
C.L. of the fit to be greater than 0.1%. In Fig. 10 we see
invariant mass distributions ofK1p2 andK2p1 included in
the same plot. In the same figure we also see the invar
mass distribution forK1K2 combinations. The arrows indi
cate the windows for acceptingK* 0 andf candidates.

The B̄d
0 candidate was then accepted if the reconstruc

K̄* 0 mass was within680 MeV/c2 of the world average
value. BothK1p2 andp1K2 mass assignments were co
sidered for theK̄* 0 candidate, and the assignment giving
value closer to the world average was chosen. We also
quired that the pseudorapidity of theB candidateuhBu be less
than 1. Finally, we selected candidates with lifetimect
.100 mm andI B.0.7 ~see Sec. IV A!.

The selection ofB̄s
0 candidate proceeded on similar line

except both tracks were assigned kaon masses and the

FIG. 9. Photon conversion vertex density in ther -z plane in the
74 pb21 of CDF run IB inclusive electron data. The fine structure
the CDF tracking detectors can be clearly resolved.
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window was610 MeV/c2 around the world average.

At this point, we expect;1.7K̄* 0g and;0.6fg events
within 6100 MeV/c2 of the corresponding world averageB
masses. Judging from the population of events in the s
bands of theBd

0 and Bs
0 signal mass regions, we expe

;14K̄* 0g and;1fg background events in these mass w
dows. As previously noted, the mass resolution of the rec
structedB mesons is about 45 MeV/c2. We refined this se-
lection by tightening thepT cut on the two-track system an
by applying impact parameter significance cuts to the in
vidual meson tracks. The thresholds were optimized
maximizingesig/Aebg, whereesig andebg are the efficiencies
for the signal and background events found in t
6100 MeV/c2 window around theB masses. The signal ef
ficiency was obtained from Monte Carlo calculations simi
to that of method I~see Sec. IV C!, while ebg was estimated
by interpolating the observed yields in the mass sideban
defined to extend from 200 to 1200 MeV/c2 above and be-
low the average mass, through the signal region. For theB̄d

0

channel, the optimized selection cuts werepT(Kp)
.2.75 GeV/c andud/sdu.4.5 for both meson tracks. Figur
11 ~top! shows theK̄* 0g mass distribution after these cut
Any further cuts, for example on the proper decay length,
not improveesig/Aebg. One candidate remained in theB̄d

0

signal region; the expected background is 0.660.3 events.
For the B̄s

0 channel, the optimized selection cuts we
pT(KK).2.25 GeV/c and ud/sdu.3.0. The resulting in-
variant mass distribution is shown in Fig. 12~top!. No can-
didates were found in the signal region, where we expecte
background of 0.160.1 events.

FIG. 10. Strange hadron mass distributions reconstructed in
8 GeV electron sample around the photon conversion candida

~A! K̄* 0→K2p1; ~B! f→K1K2; ~C! L→pp2 reconstructed us-
ing the CTC tracks; and~D! L→pp2 reconstructed using the SVX
tracks.
2-13
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The decayLb
0→L(→pp2)g is topologically distinct

from the meson decays. Since theL has a long lifetime, with
ct;8 cm, it decays outside the SVX fiducial volume;85%
of the time, and thus only 15% of theL decays are expecte
to have associated SVX tracks. We therefore first rec
structedL ’s without using SVX information. The higher-pT
track of the track pair was assumed to be the proton, and
required to havepT.1.5 GeV/c while the pion had to have
pT.0.4 GeV/c. The energy lossdE/dx for both tracks had
to be consistent with expectations. A vertex-constrained fi
the track pair was accepted if its C.L. exceeds 0.1%. Pho
conversions, a major source of background forL→pp2 de-
cays, were rejected here by eliminating those track p
which could be fit with the conversion hypothesis. Final
the track pair was accepted as a ‘‘CTC-L ’’ candidate if the
distance of the decay vertex from the nominal beamline
ceeded 1 cm.

If both the proton and pion tracks had at least two SV
hits, the vertex-constrained fit was redone using the S
information. Again, the C.L. of the fit was required to b
greater than 0.1%. We also required the SVX layer hit p
tern to be consistent with the expectation from the rec
structedL decay. For example, if theL decay vertex was
between the second and third of the four SVX layers,
required that the tracks have exactly two hits in the ou
most layers. About 10% of the ‘‘CTC-L ’’ candidates satisfied
the above requirements and were thus reclassified as ‘‘S
L ’’ candidates. In Fig. 10 we see the invariant mass dis
butions of pp2 combinations reconstructed using CT
and/or SVX tracks. The arrows indicate the windows
acceptingL candidates.

FIG. 11. Top:e1e2K2p1 invariant mass distribution forB̄d
0

→K̄* 0(→K2p1)g(→e1e2) in the 74 pb21 of CDF run IB inclu-
sive electron data. Bottom: correspondinge1e2K2 invariant mass
distribution for theBu

2→J/c(→e1e2)K2 reference decay. Ther
are 28.065.8 events after background subtraction.
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A Lb
0 candidate was formed by a photon conversion an

L candidate. From the CTC-L candidates, we reconstructe
‘‘CTC-Lb

0’’ candidates with a constraint that both theL and
the photon point back to the primary vertex. This constra
improved theLb

0 mass resolution from 75 MeV/c2, without
the constraint, to 50 MeV/c2. For the SVX-L candidates,
however, only the photon was constrained to point back
the primary vertex, while theL trajectory was required only
to point backwards to within 2 cm inz of the primary vertex.
The typicalLb

0 mass for these ‘‘SVX-Lb
0’’ candidates is also

50 MeV/c2. In both cases, we required the C.L. of the co
strained fit to exceed 0.1%. We then recalculated theL mass
given the constraints and required that it fell with
63 MeV/c2 of the world averageL mass. The typicalL
mass resolutions are 2.5 MeV/c2 for CTC-Lb

0 candidates,
and 1.5 MeV/c2 for SVX-Lb

0 .
We improved the sample purity by requiring large impa

parameters, recalculated after the constrained fit, for the
ton and pion tracks. In the SVX-Lb

0 case, the impact param
eter resolution was good enough to require at least 3sd in-
consistency with the primary vertex. In the CTC-Lb

0 case,
however, we noted that the proton carries most of the m
mentum of its parent and required onlyud/sdu.0.5 incon-
sistency. The pion fromL0 decay is more likely to have a
large impact parameter, so we requiredud/sdu.2. Finally,
we selectedLb

0 pseudorapidityuhL
b
0u,1 and isolationI B

.0.7, as before. After these selection cuts, we exp
;0.2Lb

0 signal events in the6100 MeV/c2 window around
the world averageLb

0 mass. Judging from the population o
events in the sidebands of the signal mass regions, we an
pate;20Lb

0 background events in the signal mass window

FIG. 12. Top:e1e2K1K2 invariant mass distribution forB̄s
0

→f(→K1K2)g(→e1e2) in the 74 pb21 of CDF run IB inclu-
sive electron data. Bottom: correspondinge1e2K2 invariant mass
distribution for theBu

2→J/c(→e1e2)K2 reference decay. There
are 35.066.4 events after background subtraction.
2-14
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The SVX-Lb
0 candidates were further refined by cons

ering the signed impact parameter of theL ’s. The sign is
defined as positive when the crossing point of theL and the
Lb

0 momenta lies in the hemisphere containing theLb
0 , as

should be the case for realLb
0 decays. The typical resolutio

of the signed impact parameter is 40mm. Following the
same optimization procedure as before, we find that a
value of 70mm maximizesesig/Aebg. No candidates sur
vived this cut, while the expected background is 0.160.1
events.

Since the CTC-Lb
0’s lack the improved impact paramete

resolutions of the SVX, we reinforced the kinematic requi
ments by requiring thepT of the L to be greater than
4 GeV/c. Two candidates remained in the signal region, a
the expected background is 3.360.6 events. Combining the
CTC and SVX samples, we found two candidates in the s
nal region with an expected background of 3.460.6 events.
The invariant mass distribution is shown in Fig. 13~top!.

B. Reference signal reconstruction

The reference signal for this analysis method consists
Bu

2→J/c(→e1e2)K2 decays. A J/c→e1e2 candidate
was formed by the electron candidate and an opposi
charged track withpT.1 GeV/c. We required the partne
track to exhibit energy loss in the CTC and deposition in
CEM in a manner consistent with being an electron. The t
tracks were then subject to a vertex-constrained fit, and
C.L. is required to be greater than 0.1%. The dielectron
variant mass distribution is shown in Fig. 14. The ratio
signal to backgroundS/B is approximately 1/2 in the 2.8 to
3.2 GeV/c2 mass range. The backgrounds are mostly co

FIG. 13. Top: e1e2pp2 invariant mass distribution forLb
0

→L(→pp2)g(→e1e2) in the 74 pb21 of CDF run IB inclusive
electron data. Bottom: correspondinge1e2K2 invariant mass dis-
tribution for theBu

2→J/c(→e1e2)K2 reference decay. There ar
24.065.3 events after background subtraction.
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binatorial, involving hadrons misidentified as the partn
electron. The low-mass tail on the signal is due to pho
bremsstrahlung on the electron tracks. A fit of the mass
tribution with two Gaussians and a second-order polynom
yields ;8000J/c→e1e2 events.

TheJ/c candidates were then combined with a track w
pT.2 GeV/c. We required that all three tracks incorpora
at least 3 SVX hits. We constrained the tracks to a comm
vertex pointing back to the primary vertex and accepted
combination if the C.L. of this fit exceeded 0.1%. We al
required that the candidate trajectory fall within the pseu
rapidity rangeuhBu,1, have proper lifetimect.100 mm,
and isolationI B.0.7. The resultingM (eeK) mass distribu-
tion shows the same low-mass bremsstrahlung tail as
M (ee) distribution; in order to correct for it and, at the sam
time, compensate for the resolution lost because of the e
tron momentum uncertainty, we plotM (eeK)2M (ee)
1MJ/c , whereMJ/c is the world averageJ/c mass, instead
of M (eeK). The resolution on this compensated mass
typically 25 MeV/c2, whereas it is typically 50 MeV/c2 for
M (eeK) alone.

After the above selection, we have 48J/c candidates
with S/B;10 in the 6100 MeV/c2 window around the
world averageBu

2 mass. Further requirements, determin
by the cut optimizations on the different radiative deca
were applied to this sample in order to achieve as m
cancellation of the systematic uncertainties as possible
compare with theB̄d

0→K̄* 0g decays shown in Fig. 11~bot-
tom!, these requirements arepT(K).2.75 GeV/c and
ud(K)/sdu.4.5. The signal yields were calculated by su
tracting the backgrounds estimated from the sideban

FIG. 14. Dielectron invariant mass distribution of theJ/c
→e1e2 candidates in the 74 pb21 of CDF run IB inclusive elec-
tron data. The number of theJ/c→e1e2 events obtained by fitting
the mass distribution to a function of 2 Gaussians and a polynom
is ;8000.
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TABLE III. Ingredients for the calculation of the branching fractions ofB̄d
0→K̄* 0g, B̄s

0→fg, and Lb
0→Lg decays in method II

according to Eqs.~8!–~10!.

B̄d
0→K̄* 0g B̄s

0→fg Lb
0→Lg

Nobs ~events! 1 0 2
Nbg ~events! 0.660.3 0.160.1 3.460.6
NJ/cK ~events! 28.065.8 35.066.4 24.065.3
f d,s,Lb

/ f u 1 0.42660.076 0.23660.082

B(K̄* 0→K2p1) 2/3 — —

B(f→K1K2) — 0.49160.008 —
B(L→pp2) — — 0.63960.005
B(Bu

2→J/cK2) (0.9960.10)31023 (0.9960.10)31023 (0.9960.10)31023

B(J/c→e1e2) (6.0260.19)31022 (6.0260.19)31022 (6.0260.19)31022

CTC tracking 0.96060.020 0.96060.020 0.96060.020
J/c partner electron 0.74960.028 0.74960.028 0.74960.028
L quality cut — — 0.72160.018
XT(DATA)/ XT(MC) 0.88960.052 0.88960.052 0.95460.047

@esignal/eJ/cK#MC 0.0644 0.0748 0.0666
esignal/eJ/cK 0.0733 0.0853 0.0588

Single event sensitivity 4.3631025 9.5431025 2.8031024
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which range from 200 to 300 MeV/c2 above and below the
Bu

2 mass. The yield is 28.065.8 events. In theB̄s
0→fg case

shown in Fig. 12 ~bottom!, the cuts are pT(K)
.2.25 GeV/c andud(K)/sdu.3, yielding 35.066.4 events.
For theLb

0→Lg case, only thepT(K).4 GeV/c cut was
applied. The yield, shown in Fig. 13~bottom!, is 24.065.3
events.

C. Efficiencies

Because no significant excesses over backgrounds
observed in any of the radiative decay modes investiga
we set upper limits on the branching fractions. As in meth
I, we start from the ratios between the number of obser
signal and reference decays. Since these decays were r
structed in the same data set, theb quark production cross
section and the integrated luminosity of the data cance
this ratio. The fragmentation fractions, branching fractio
and total reconstruction efficiencies, on the other hand,
not cancel in principle, and their ratios must be estimat
We write the following relations:

B~B̄d
0→K̄* 0g!5B~Bu

2→J/cK2!
NK* 0g

NJ/cK

3F f d

f u

B~K̄* 0→K2p1!

B~J/c→e1e2!

eK* 0g

eJ/cK
G21

, ~8!

B~B̄s
0→fg!5B~Bu

2→J/cK2!
Nfg

NJ/cK

3F f s

f u

B~f→K1K2!

B~J/c→e1e2!

efg

eJ/cK
G21

, ~9!
11200
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B~Lb
0→Lg!5B~Bu

2→J/cK2!•
NLg

NJ/cK

3F f L
b
0

f u

B~L→pp2!

B~J/c→e1e2!

eLg

eJ/cK
G21

. ~10!

The branching fractions@4# and fragmentation fractions@22#
which we used are listed in Table III. The remainder of t
calculation concerns the efficiency ratios. The efficiency
tios for most kinematic and geometric requirements, inclu
ing those onET , pT , masses,ct, impact parameters, and fi
constraints, can be reliably calculated with simulation, as
method I. Likewise, the effect of the electron trigger can
calculated by applying an efficiency curve as a function
electronET and pT to the Monte Carlo samples, where th
curve is based on measurements using unbiased data
lected with independent triggers. We assume that theB iso-
lation cut efficiencies cancel exactly in the ratio, since, u
like in method I, the reference decay is fully reconstructe

The effect of the tracking efficiencies on the ratio is al
mostly included in the Monte Carlo calculation, but since t
radiativeb decay leaves four tracks and the reference de
only three, we accounted for the second meson track by m
tiplying the Monte Carlo efficiency by the integrated CT
tracking efficiency, 0.9660.02, estimated by embeddin
simulated tracks in CDF data@27# ~see Sec. IV C!. As previ-
ously noted, the Monte Carlo simulation already models
SVX efficiency, and thus no further correction to the tracki
efficiency is needed.

Effects which do not cancel in the ratio include the ef
ciencies of the quality cuts for theJ/c partner electron, the
L→pp2 selection, and the conversion probabilities.
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The quality cut efficiency of theJ/c partner electron was
estimated from theJ/c candidates themselves to be 0.
60.03 by counting the number of theJ/c signals before and
after the quality cut. In a similar manner, theL quality cut
efficiency was estimated to be 0.7260.02. We investigated
the effect of the photon conversion probability in detail b
cause it dominates the total efficiency differences betw
the radiativeb decays and the reference decay.

The detector simulation, described in Sec. IV C, a
simulates photon conversions. The material distribution
the CDF inner detector used by the simulation is based
previous photon conversion measurements and a carefu
counting of the material of the CTC inner wall which
known to be (1.2660.06)% of a radiation length. We cal
brated the simulation by normalizing the conversions sim
lated in the CTC inner wall with the rate seen in the da
The data used consists of theB̄d

0→K̄* 0g candidates, but with
loose selection cuts onct, I B , and mass to increase th
sample size. The resulting conversion probability from
Monte Carlo calculations is;6%. The simulation was ana
lyzed in the same manner as the data; in this way, the n
uniformity in the material distribution and the conseque
dependence of the conversion probability on the physics
cess and event selection criteria was included in the sim
tion calibration. In particular, requiring the meson tracks
be reconstructed in the SVX, as is the case in theB̄d

0 andB̄s
0

samples, implies that most of the photons will pass throu
approximately 1%X0 more material than those in even
where the tracks lie outside the SVX fiducial volume. On t
other hand, theLb

0 analysis makes no SVX requirements
the tracks; since 50% of such photons are outside the S
volume, they traverse, on average,;0.5%X0 less material
compared to theB meson case. The process-dependent s
factors which relate the data samples to the simulation n
malization are found to be 0.8960.05 for the B̄d

0 and B̄s
0

decays, and 0.9560.05 for theLb
0 decay.

Table III shows a summary of the efficiency estimates
each of the decay modes. For example, the ratio forB̄d

0

→K̄* 0g is given by 0.06430.893(0.96/0.75), where 0.064
is the Monte Carlo efficiency ratio, 0.89 is the conversi
probability scale factor, 0.96 is the CTC tracking efficien
for the second meson track, and 0.75 is the partner elec
quality cut efficiency for theJ/c→e1e2 decay in the refer-
ence sample. As expected, the efficiency ratio is around
largely due to the conversion probability.

The single event sensitivities defined by Eqs.~5! and~8!–
~10! are also shown in Table III. They are 4.431025 for B̄d

0 ,

9.531025 for B̄s
0 , and 2.831024 for Lb

0 . The differences
among the sensitivities are dominated by the differen
among theb quark fragmentation fractions.

Using the single event sensitivities in Table III and assu
ing B(B̄d

0→K̄* 0g)5B(B̄s
0→fg)5B(Lb

0→Lg)54.23

31025 @6#, we anticipateNK* 0g5B(B̄d
0→K̄* 0g)/S51 re-

constructedB̄d
0→K̄* 0(→K2p1)g decay in run IB. ForB̄s

0

→f(→K1K2)g decays the expected yield is 0.4 even
and forLb

0→L(→pp2)g decays 0.15 events.
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Using f s / f d50.426 andf Lb
/ f d50.236 @22# to infer the

B̄s
0 andLb

0 production cross sections from the measuredB̄d
0

production cross section@29#, we calculate the total~trigger
and offline! selection efficiency forB̄d

0→K̄* 0(→K2p1)g

decays resulting fromB̄d
0 mesons withpT.6 GeV/c and

uyu,1, to be 0.0097%, while the total efficiencies for d
tecting B̄s

0→f(→K1K2)g and Lb
0→L(→pp2)g decays

are found to be 0.014% and 0.0067%, respectively.

D. Systematic uncertainties

Table IV summarizes the sources of systematic uncert
ties for each of the decay modes considered in this analy
One of the largest uncertainties arises from the statist
uncertainty in theJ/cK yield, contributing 21% forB̄d

0 ,

18% for B̄s
0 , and 22% for theLb

0 channel. The uncertainty
due to the input branching fractions is dominated by that
B(Bu

2→J/cK2), and we assign it 11% for all the deca
modes.

The other major source of systematic uncertainty is
measurement of the fragmentation fractionsf s / f u and
f L

b
0 / f u @22#. These fractions were measured at CDF us

the decaysB̄s
0→e2Ds

1X and Lb
0→e2Lc

1X, normalized to
Bu

2→e2D0X. Their quoted uncertainties are 18% forf s / f u

and 35% forf L
b
0 / f u , but these values include a 6% unce

tainty, originating from theb hadronpT spectrum, which is
fully correlated with the corresponding uncertainty in th
analysis. We thus reduced the quoted uncertainties by 6%
quadrature and obtained a 17% systematic uncertainty du
f s / f u and 34% due tof L

b
0 / f u .

We confirmed that changing theb quarkpT spectrum does
not contribute any systematic uncertainty, since this spect
is common to all the decay modes, by changing the Mo
Carlo generation parameters from their nominal valuesmb
54.75 GeV/c2 andm5m0. Theb quark mass was change
to 4.5 and 5.0 GeV/c2, and the renormalization scale wa
changed tom0/2 and 2m0. Individual efficiencies for the ra-
diative andBu

2→J/cK2 decays vary by;20%, but the
efficiency ratios remain, as expected, stable within the un

TABLE IV. Summary of the systematic uncertainties for meth
II.

B̄d
0→K̄* 0g B̄s

0→fg Lb
0→Lg

J/cK statistics 21% 18% 22%
MC statistics 4% 3% 4%
Conversion probability 6% 6% 5%
J/c partner electron 4% 4% 4%
LdE/dx — — 3%
CTC pattern recognition 2% 2% 2%
HAD/EM 5% 5% 5%
Fragmentation fractions 0% 17% 34%
Branching fractions 11% 11% 11%

Total 26% 29% 43%
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TABLE V. Summary of the branching fraction limits.

B̄d
0→K̄* 0g B̄s

0→fg Lb
0→Lg

Confidence level 90% 95% 90% 95% 90% 95%

Method I 1.631024 2.131024 2.531024 3.331024 – –
Method II 1.931024 2.431024 2.531024 3.431024 1.331023 1.931023

Combined 1.131024 1.431024 1.231024 1.631024 1.331023 1.931023
ffi
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tainties of the finite Monte Carlo samples.
Small systematic uncertainties are contributed by e

ciency factors which do not cancel in the ratio. For instan
for the photon conversion probability correction, which w
evaluated to be 0.8960.05 for theB mesons, we assign a 6%
systematic uncertainty. For theLb

0 case, the uncertainty i
5%. We assign a 4% systematic uncertainty for the qua
cut efficiency on the partner electron in theJ/c→e1e2 de-
cay, and 3% for the quality cut efficiency for reconstructi
L→pp2. These two uncertainties arise from the da
sample sizes used for the efficiency estimation. The C
tracking efficiency contributes another 2% systematic unc
tainty which comes from its instantaneous luminosity a
electric charge dependence.

Another effect which does not cancel in the efficien
ratio is that the hadronic/electromagnetic energy ratio
depends on the number of tracks pointing to the calorim
cluster. This number is different for photon conversions a
J/c→e1e2 decays. About 45% of the conversion partne
point to the same cluster as the trigger electron, while l
than 1% of the partner electrons inJ/c decay exhibit the
same behavior. In principle, the effect of this difference c
be estimated with a full simulation of thepp̄ event, including
b fragmentation products and multiplepp̄ collisions. Instead,
we estimated this systematic uncertainty to be about
based on the efficiency difference between the two differ
hadronic/electromagnetic energy ratio cuts on theJ/c
→e1e2 candidates in the data.

Finally, the systematic uncertainties due to the fin
Monte Carlo sample sizes in the efficiency calculations w
all around 4%. When all these uncertainties were combi
in quadrature, we found the total systematic uncertaintie
be 26% forB̄d

0 , 29% for B̄s
0 , and 43% forLb

0 .

E. Results

The low background level forB̄d
0 andB̄s

0 radiative decays
allows us to set limits on the branching fractions witho
background subtraction. For theLb

0 case, however, we ac
count for the expected background level by using a sim
simulation which generates the numbers of signal and ba
ground events in each trial according to the probability d
tributions PNCL ,ssyst

(n) and PNbg ,sbg
(n), wherePm,s(n) is

defined in Eq.~7!. NCL is the upper limit on the number o
decays for a given CL,ssyst is the systematic uncertainty o
the signal yield, andNbg is the number of background even
with uncertaintysbg. The C.L. is given by the fraction o
trials which has the total number of signal and backgrou
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events exceeding the observed number of eventsNobs, but
still has fewer background events thanNobs.

We calculatedNC.L. to be 4.3 forB̄d
0 , 2.6 for B̄s

0 , and 4.5
for Lb

0 at 90% C.L., and 5.5, 3.5, and 6.8, respectively,
95% C.L. With the single event sensitivities listed in Tab
III, we obtained the limits on the branching fraction,B(B̄d

0

→K̄* 0g),1.931024 (2.431024), B(B̄s
0→fg),2.5

31024 (3.431024), and B(Lb
0→Lg),1.331023 (1.9

31023) at 90%~95%! C.L.

VI. COMBINED LIMITS

Since the two analyses searching forB̄d
0→K̄* 0g and B̄s

0

→fg decays are statistically independent, we simply a
the numbers of candidates found in each analysis. In to
there are twoB̄d

0 candidates with an expected background

0.660.3 events, and noB̄s
0 candidates with an expecte

background of 0.160.1 events. The combination does n
yield any significant excesses over the background level
does tighten the upper limits on the branching fractions.

The combined single event sensitivity of using both me
ods is given bySI 1II

21 5SI
211SII

21 and is 2.031025 for B̄d
0

and 4.731025 for B̄s
0 . The systematic uncertainties due

the generatedpT(B) spectrum,f s / f u , B(f→K1K2), and
CTC pattern recognition efficiency are fully correlated b
tween the two methods and simply added together; the o
systematic uncertainties are considered to be fully unco
lated and are thus added in quadrature. We obtained 18%
the combined systematic uncertainty forB̄d

0 and 25% forB̄s
0 .

We then calculated, without any background subtraction,
upper limits on the branching fractionsB(B̄d

0→K̄* 0g),1.1

31024 (1.431024) and B(B̄s
0→fg), 1.231024 (1.6

31024) at 90%~95%! C.L.

VII. CONCLUSIONS

We have searched forB̄d
0→K̄* 0(→K2p1)g, B̄s

0→f
(→K1K2)g, Lb

0→L(→pp2)g, and their charge conju

gate decays, using events produced inpp̄ collisions atAs
51.8 TeV and recorded by CDF. Two methods were e
ployed.

In the first method the photon was detected in the elec
magnetic calorimeter as a cluster of energy. We designed
installed a dedicated trigger which, in addition to the ph
tons, required information about the charged particles or
2-18
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nating from the daughter meson. We collected 22.3 pb-1 of
data withET(g).10 GeV during 1995 and 6.6 pb-1 of data
with ET(g).6 GeV during 1995–1996.

In the second method, the photon was identified by
electron-positron pair produced through external photon c
version before the tracking detector volume. One of the c
version electrons withET.8 GeV served as a trigger fo
event recording; no additional tracks coming from t
daughter hadron decay were required. The trigger recor
74 pb21 of data from the 1994–1996 period. We observ
no significant signal in both the methods, and set upper lim
on the branching fractions~Table V!.

Combining the two analyses, we obtained upper limits
the branching fractions

B~B̄d
0→K̄* 0g!,1.431024

B~B̄s
0→fg!,1.631024

B~Lb
0→Lg!,1.931023
se
nd

m
of

the

11200
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at 95% C.L. The result on theB̄d
0→K̄* 0g decays is consis-

tent with the measurements performed in thee1e2 colliders
@5–7#. The results on theB̄s

0 andLb decays are the curren
lowest limit on these branching fractions and they are a
consistent with the theoretical prediction that theB̄s

0→fg

and B̄d
0→K̄* 0g branching fractions are of the same mag

tude @10#.
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