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We report the observations of the dec&/s— (2S)K+ and B’— (2S)K* (892)° in pEcoIIisions at a
center-of-mass energy of 1.8 TeV using a 110°ptiata sample recorded by the Collider Detector at Fermilab.
We also reconstruct the decaBs —J/ K™ andB°— J/yK* (892)° and measure the six ratios of branching
fractions of these four decays. The relative branching-fraction results are shown to be consistent with phenom-
enological factorization calculations of hadrofemeson decays. We use the world-average branching frac-
tion B(B*—J/yK™') to derive B(B" — y(2S)K")=(0.56+0.08+0.10)X 10 3, B(B°— y(2S)K*(892)")
=(0.92+0.20+0.16)x 10"3, and B(B®— J/yK* (892)°)=(1.78+0.14+0.29)x 10 3, where the first and
second uncertainties are statistical and systematic, respecfi@éy56-282198)05117-Q

PACS numbgs): 13.25.Hw, 13.87.Fh, 14.40.Nd

[. INTRODUCTION systems. The branching fractio8) of the decays of the
two lowest-lying bound states, ttg* and B® mesons, de-
Studies of the decays of bound states of bottom quarkpend on a blend of effects due to the weak and strong inter-
and light antiquarks have proven to be one of the most efactions. The measurements of semileptonic decay roke-
fective ways to explore the decay dynamics of heavy quarlsons, where a charged lepton and its corresponding neutrino
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b z monium daughter meson have proven to be most amenable
¢ to study, as the decay of the charmonium state involving two
W energetic muons yields a distinctive signature that can be
used to identify the candidate events. The Collider Detector
. s 4 at Fermilab(CDF) Collaboration has published a number of
u, U,

measurements of the properties Bf mesons using final

FIG. 1. Diagram of the color-suppressed intermalemission ~ States involving al/y meson, including production cross
mechanism for & meson(here either #u (B*+) orbd (BY) statd sections, masses, lifetimes, polarizations, and branching frac-

decaying to charmoniur@/ ¢ or ¢(2S)) and a strange mesdi.* tions[4-8]. . . .

or K*(892)%). In this process, the or d quark is assumed to be a The CDF Collaboration measured the branching fractions

“spectator” of the weak interaction. of BT, B®, andB? mesons using five different decay modes,
all identified by requiring a/— u* n~ decay[8]. We have

ow completed a more extensive study, incorporating a fac-

are pro_duced, have proven to be useful In the developmen_t ‘ir?})r of four more data and focusing on the final states identi-
theoretical models that relate the semileptonic branchmgpied by the presence of a decay of the form

fractions to each othdrl]. In a similar way, the measure-
ments of the fully hadronic decayémodes where the B— (29K
B-meson decay daughters are hadjdras/e also been shown

to provide tests of the theory of heavy quark def2y3]. + -
- : —u s
In this paper, we report the observations of the decays
BY— y(2S9)K™ and B— ¢(2S)K* (892)° in pp collisions I ymt
at a center-of-mass energy of 1.8 TeV. We also observe the
decaysBt —J/yK* and B°—J/yK*(892)° and use our SutuT, (1)

data to measure the ratios of branching fractions ofBhe

and B mesons to these four final states. We compare ouwwhereB is aB™* [B°] meson anK is aK* [K*(892)°]

measurements with theoretical branching-fraction ratio premeson. Thek* (892)° meson is observed through its decay

dictions. Throughout this paper, references to a specific dao theK "7~ final state.

cay mode imply the charge conjugate mode as well. We first describe in Secs. Il and Ill the experiment and
As illustrated in the diagram in Fig. 1, all four of téy)  data-collection procedures used for this measurement. In

and (2S) decay modes are color-suppressed CabibboSec. IV, we discuss the event selection procedure and present

favored decays; they can only occur when theboson’s  the observed rates of the varioBsmeson decays. The nec-

hadronic decay products, themselves a color singlet, combingssary efficiency corrections to convert the observed decay

with the charm antiquark from the flavor-changing decay andates to branching fractions are discussed in Sec. V where we

the light spectator quark to form color-singlet charmoniumalso detail the systematic uncertainties associated with the

and strange mesons, respectively. Strong interaction effectmeasurement. We present our results in Sec. VI and offer our

however, are expected to modify the dynamics of these dezonclusions in Sec. VII.

cays. The most successful theoretical treatments of such de-

cays employ the factorization hypothesis, where the decay of Il. EXPERIMENTAL APPROACH

the B meson is described by processes that take place on

different time scales: short-distance hard-gluon exchange In principle, the number of observed events for the decay

and the weak nonleptonic decay of thejuark, followed by modeB*— (2S)K™ can be decomposed into the form

longer-distance strong interactions between the final-state

partons that produce the two daughter mesons. The decay

amplitude is factorized into a product of hadronic currents

that reduces to the charmonium decay constant and the ma- .

trix element for theB— K hadronic current, which consists XBB*— (25K’ ?9K (2

of several form factor§l,2]. Measurements of the rates and o )

polarization of these decays confront the assumptions th@nd similar forms can be written for the other decays. Here,

underlie the factorization hypothesis Bxmeson decays and [£dt is the time-integrated luminosityg(pp—b) is the

the calculations involving hadronic form factors. bottom antiquark production cross section, anhdis the
Exclusive hadronic decays & mesons are difficult to probability that the fragmentation of a bottom antiquark will

observe due to their relatively small branching fractionsresultin aB™ meson. In a similar way, we defirfg to be the

(typically 10 “ to 10 ?) and the small exclusive branching probability of a bottom antiquark to hadronize and for%

fractions of the subsequent charm daughter decays. Howneson. We refer to these probabilities as fragmentation frac-

ever, the large production cross section for bottom quarks itions and include in these fractions contributions from de-

pp collisions (in the range of 2—3ub for quarks with trans-  ays of heavier bottom hadrons into final states containing a

S + 0 ; + +

verse momentunP;>6 GeV/c and rapidity|y,|<1) has B" or B® meson. The expressid®(B"— §(2S)K™) repre-

made it possible to identify relatively large samples of spe-Sents the branching fraction for this"-meson decay mode,

cific decay mode§4]. The decay modes that involve a char- ande*?9%” s the acceptance and efficiency of detecting the

Non /(29K 1) =2 f £dt o(pp—bf,
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Y(2S)K™ final state. The factor of 2 accounts for the possi-tion [4] can be avoided by measuring ratios of branching
bility of reconstruction o8~ or B* mesons in each event. fractions betweerB-meson decay modes, a procedure that

The observation of a certain number Bfmeson decays also results in the beneficial cancelation of several detection
in a specific mode can be converted into a branching-fractiomnd reconstruction efficiencies and their associated uncer-
measurement using an expression similar to @g. How-  tainties. For example, a branching-fraction ratio involving
ever, uncertainties in the bottom-quark production cross se@nly J/¢ charmonium mesons is measured as

B(B%—J/yK*(892°) Nopd /K * (892)0)f e/ ¥K*
B(B"—JIyK™) Nopd I/ K *) f g€ K" (89273 * (8920~ K+ 7r7)

()

whereN,dJ/ yK* (892)°) andN,,{J/¢K*) denote the ob- >0.35 GeVt and |5|<1.1. Together, the CTC and SVX
served event yields ang!¥<* 8920 gnq d/vK T represent the Measure charged-particle transverse momenta with a preci-
detector acceptance and reconstruction efficiencies, whicgion of rrpT:[(O.OOG(PT)ZJr(O.OOOSP%)Z]”2 (with P1 in
have several common factors, such as dih¢ branching uynits of GeVk).

fraction and reconstruction efficiency, that divide out of the  The muon detection system has four of its layers of planar
ratio. Ratios of branching fractions are also beneficial in theyyift chambers separated from the interaction point by ap-
oretical studies of these decays since several common factogsoyimately five interaction lengths of material. To reduce
divide out of the amplitude expressiof; 10. the probability of misidentifying penetrating hadrons as

These ratios of bra_nchlng f_ract|0n§ can be used to eStIr'nuon candidates in the central pseudorapidity redigh
mate absolute branching fractions using world-average val-

ues for the denominator of the ratios. This is particularly<0'7’ four more layers of cha_mbers are located ogt5|de the
useful for those ratios that involve the most precisely knownmagnet return yokécor'respondln% toa furthe.r'three Interac-
branching fraction,B(B*—J/4K™), in the denominator. tion Iength§ of mater.lal ap=90°). An, gdd_ltlonal set of
We use the world-average value B(B*—J/yK *) to esti- chambers is located in the pseudorapidity intervakqQ.| _
mate the absolute branching fractions of the other three de=1-0 to extend the polar acceptance. The muon system is
cay modes. capable of detecting muons withr=1.4 GeVk in a pseu-
dorapidity interval| 5| <1.0. A three-level trigger system is
used to select candidate collisions for subsequent study.
Ill. DATA COLLECTION These and other elements of the CDF detector are described

A. The CDF detector in more detail elsewhergl1].

The Collider Detector at Fermilab is a multi-purpose de-
tector designed to study 1.8 T collisions produced b
the Fermilgb Tevatron )éollide[rfif The detec?or has a cg- The_data were collected in tvyo r.unning periods, the first
ordinate system with the axis along the proton beam direc- €Xxtending for nine months starting in August 1992, and the
tion, they axis pointing vertically upwards, and theaxis second extendmg for 18 months starting in January 1994.
pointing horizontally. The polar anglis defined relative to  S€veral modifications were made to the CDF detector during
the z axis and¢ is the azimuthal angle. Pseudorapidity is the hiatus between these two running periods. The most sig-
defined asy=—In[tan(@/2)]. The CDF detector surrounds nificant of these were the replacement of the silicon micros-
the interaction region with three charged-particle trackingtrfip detector, the commissioning of a trigger system with
detectors immersed in a 1.4 T solenoidal magnetic field. Th@reater selectivity, and improvements to the data acquisition
tracking system is contained within a calorimeter system thagystem. The most notable difference in running conditions
measures the energy flow of charged and neutral particles otgsulted from a rise in the average instantaneous luminosity
to | 7| <4.2. Charged-particle detectors outside the calorimof the Tevatron accelerator. The mean instantaneous lumi-
eter are used to identify muon candidates. nosities during the two periods were %30°° cm ?s ! and

The innermost tracking device is a silicon microstrip de-8.0x 10°° cm 2s™1, respectively, and the peak instantaneous
tector(SVX) located in the region between 2.9 and 7.9 cm inluminosity exceeded 2:2010**cm™2s™l. The time-
radius from the beam axis. The SVX is surrounded by a seihtegrated luminosity of the data sample for the two running
of time projection chamberé/TX) that measure charged- periods is~20 pb ! and~89 pb !, respectively.
particle trajectories to a radius of 22 cm. An 84 layer drift Despite the differences in detector configuration during
chamber(CTC) measures the particle trajectories in the re-the two running periods, we were able to treat the two sets of
gion between 30 and 132 cm in radius from the beam. Thiglata as a single sample with a total time-integrated luminos-
tracking system has high efficiency for detecting chargedty of ~109 pbl. This was achieved through the use of
particles with momentum transverse to the bedm  nearly identical event reconstruction techniques and consis-

B. The data set
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tent calibration procedures for data collected during the twderactions. Due to the high instantaneous luminosities, the

running periods. number of reconstructed interaction vertices in a given event
follows a Poisson distribution with a mean ef2.5. We
IV. EVENT SELECTION chose as the longitudinal position of the primaiy collision

A. The J/4 and ¢(2S) trigger requirements vertex for the dimuon candidates the interaction vertex that

was closest to either one of the muon candidates’ intercepts
A common feature of the fouB-meson decay modes gjong the beamline. This provided a measurement of the pri-

studied here is the presence ofidn~ candidate consistent mary vertex position with an accuracy of 0.3 cm along the
with that arising from the decay of a charmonildiy or  peam direction.

$(29)] state. _ o o The transverse position of the primary vertex was most

We used a three-level trigger system to identify collisions,ccyrately determined by using the average beam position
producmg two or more muon cand!dates. The flrst-level_ tr'g'through the detector and the longitudinal primary vertex po-
ger required that two muon candidates be observed in thgiqn The average trajectory was stable over the period that

muon system. The first-level trigger track efficiency in the — . .
muon system rose from 40% atP=1.5 GeVk to ~93% a givenpp beam was stored in the Tevatron. The uncertainty

for muons with P1>3.0 GeVk. The second-level trigger in the transverse position. of the primary vertex was domi-
required the detection of at least one charged track in th8ated by the transverse size of the beam, which wagr@5
CTC using the central fast track procesé®FT) [12], which  in both thex andy directions.
performed a partial reconstruction of all charged tracks with Candidatex™, K™, and =" trajectories were recon-
a transverse momentum exceeding? GeVic. The CFT structed in the CTC and extrapolated into the SVX detector
track was required to match within 8° in ¢ of the muon  to identify hits associated with the given track. We required
candidate. The CFT efficiency rose from40% at a muon €ach CTC track candidate to be of high quality by stipulating
Pr~2 GeV/c to ~94% for Pt=3 GeV/c. The third-level that a candidate track have a minimum number of hits in the
trigger required that two reconstructed CTC tracks beCTC. We also required that additional SVX information con-
matched with two tracks in the muon chambers and that theist of at least two out of a possible four hifsr the earlier
invariant mass of the dimuon pair be between 2.7 andf the two running periods, at least three hits were required
4.1 GeVk?. The efficiency of the third-level trigger require- The CTC tracks were also required to pass through most of
ment was (9% 2)% for J/¢ decays passing the first and the active volume of the CTC; this was imposed by demand-
second-level triggers. Deviations from these nominal triggeing that the radius of exit from the CTC volume of the
efficiencies were observed to occur during data acquisitiogharged-track trajectory be at least 110 cm. We also required
and were taken into account in our study. There are 3.thatK™ and#" candidates have a measured transverse mo-
X 10° dimuon candidate events that passed the third-levementumP+>0.4 GeVk in order that they be reconstructed
trigger requirements. reliably.

Since the average energy deposition of a muon passing
through the calorimeter system into the muon chambers was C. Event topology reconstruction
1.4 GeV, we required that all muon candidates h&ve
>1.4 GeVk; however, more stringent criteria on tig of
the muon candidates were imposed by the three-level trigg

We performed an event reconstruction using the muon
and charged-track candidates. The first step of this procedure

. . 199%as to reconstruct a candidate charmonium decay to the
system, which effectively placed Ry threshold of approxi- dimuon final state. The second step was to associate addi-

mately 2 GeVE on each of the two muon candidates. Thetional tracks with the charmonium candidate to form a can-

momentum selection of muon candidates by the trigger €NdidateB-meson decay. During this process, we made various

hanced_th_e sigr_lal yield W.ithOUt inj[rpducing large S_yStematiCSelection requirements, described below, to reduce the com-
uncertainties, since the trigger efficiency was precisely Me&inatorial backgrounds and to improve the signal-to-noise

sured. . :
. ratio for the various decay modes.
In approximately 75% of our selected events, the two y
muon candidates that were identified as charmonium daugh- 1. Reconstruction of 3¢ and ¢(2S) decays

ters were also the muon candidates identified by the dimuon .
trigger system. In many of the remaining events, an addi- N order to reduce the rate of muon candidates from back-

tional muon candidate in the event satisfied the dimuon trigground sources such &smeson decay-in-flight, we required
ger requirements. We included these “volunteers” in ourthat each muon candidate observed in the muon chambers
analysis in order to maximize the sensitivity of the datacorrespond to a CTC track candidate to within three standard
sample. deviations of the multiple-scattering and measurement uncer-
tainties in both the transverse and longitudinal planes.
Backgrounds in the dimuon sample were further reduced
- by performing a least squares fit of the CTC tracks associated
We first identified the location of thpp interaction ver-  with the muon candidates under the constraint that they
tex or vertices using the observed tracks reconstructed in theriginate from a common vertex. We required that the con-
VTX detector. These tracks, when projected back to thdidence level of this fit be greater than 0.01. The dimuon
beam axis, determined the longitudinal locations of these inmass distributions for thé/ and #(2S) candidates are

B. Primary-vertex and charged-particle reconstruction
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FIG. 2. The dimuon mass distributions for the inclusiVg and 4(2S) candidate event samples are showrianand (b), respectively.

shown in Fig. 2. We fit these distributions to parametrized Our subsequent reconstruction identifl€d and 7+ me-
signal and background lineshapes to determine that owon candidates that were consistent with arising from one of
sample consists of (4.390.01)x10° J/¢ decays and the fourB-meson decay modes we considered in this study.
(1.310.04)x 10* ¥(2S) decays, where we quote only the

statistical uncertainties. Candidate dimuon events were fit 2. Reconstruction of B-meson exclusive decays

with the additional constraint that the two-muon mass equal The reconstruction of thB-meson decay modes required
the world-average mass¢s3] of the J/¢ and ¢(2S) me-  the use of selection criteria that reduced the potentially large
sons, 3.09688 and 3.68600 Ge¥/ respectively. We re- combinatorial background. The most effective way of reduc-
quired that the confidence level of this fit exceed 0.01. Thisng these backgrounds was to impose minimBmrequire-
requirement defined our inclusii#y and (2S) data sets. ments on the candidate strange-meson daugtRenequire-
Candidates for the decay(2S)—J/ym" 7~ were iden-  ments on thé8-meson candidates, and requirements that the
tified by combining everyl/ys candidate identified above decay topology be consistent with that expected from a
with pairs of oppositely-charged track candidates that indiB-meson decay. Explicit particle identification &f* and
Vidua”y had to haV@T>0.4 GeVk. The tWO-particle mass 7T+ mesons was not employed in th|s ana|ysis_
of the two pion candidates was required to satisfy 0.35
<M (7" 77)<0.61 GeVt?. The lower limit of this mass 500
range was motivated by the known dipion mass distribution
for (2S) decayqd14-17. The upper limit corresponded to
the maximum dipion mass allowed f@r(2S) decays. The i
efficiency of this criterion to seleak(2S) decays is demon- -
strated in Fig. 3, where we plot the two-pion mass for ob-
served(2S)—J/ Y= 7~ decays. The background to the
¥(2S) decays in this distribution has been removed by per-
forming a sideband subtraction using background events in
the J/ 7w~ mass distribution. Also shown are curves rep-
resenting a phenomenological predictiph7] and a pure
phase-space calculation.
To reduce combinatorial backgrounds in thejm " 7~
candidate search further, an additional least-squares fit was ol
performed constraining all four tracks to emanate from a ,ﬁ,ﬂ} Ll Loy
common point, the dimuon mass to be equal to the world- 0.28 0.38 0.48 0.58
averagel/» mass, and thd/ =+ =~ mass to be equal to the M(r* ") 1GeV/<)
world-average/(2S) mass. We required that the confidence
level for this fit exceed 0.01. Th& ¢+ 7~ mass distribu- dipion mass(points in decays of the formy(2S)—J/ym* .
tion for all the candidates prior to imposing th&€2S) mass  The arrow indicates the minimum mass required in the analysis.
constraint is shown in Fig. 4 and illustrates a narrd(2S)  The solid curve represents a phenomenological prediction due to

signal of (3.7:0.1)x10° events above the combinatorial Phamet al.[17] and the broken curve describes a pure phase-space
background. distribution.

250

Events per 10 MeV/c?

FIG. 3. The observed background-subtracted distribution of the
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FIG. 4. Thed/yw" =~ mass distribution for the#(2S) candi- FIG. 5. The distribution of the isolation variallg for candidate
dates. BT —J/yK*' decays. A background subtraction has been per-

formed using the sidebands in tléyK* mass distribution. The
These additional requirements imposed on the candidate¥row represents the cut below which candidates were accepted.

were also selected to be as common as possible over the four . _ o
B-meson decay channels and both decay modes of tﬁéane and reqUIred that tH® candidate originate from the
1/1(28) meson to avoid Signiﬁcant Systematic uncertaintie§)r|m'ary. interaction vertex. We requ|re.d the confidence level
arising from the estimation d8-meson yields across differ- Of this fit to exceed 0.01. We also required that the transverse
ent kinematic regions. The kinematic selection criteria werdnomentum of the8” candidates be greater than 6.0 GeV/
optimized by maximizing the quantitis/ N+ N,, where and the transverse momentum of ti&® candidates be

N was the predicted number of signal events based ofréater than 9.0 Ge¥d/ These differenB-mesonP selec-
Monte Carlo calculations andl, was the number of ob- tion criteria constitute the largest difference in the kinematic

served background events in tBemeson mass signal region requirements between decay modes involviig and B

estimated by performing extrapolations from the sidebandinal §tates and are a result of the different levels of combi-

regions. This technique avoided the potential bias that coulfatorial background in the/(2S) final states. .

be introduced by choosing selection criteria based on the TWo additional criteria were imposed to reduce combina-

number of observed candidate signal events. torial backgrounds further. In the fragmentationbofuarks
We required that eachK® candidate have Pt into B mesons, the meson typically carries most of the en-

>1.5 GeVk for the reconstruction oB* candidates. For €rgy of the quark created in the hard scattering interaction

the reconstruction oB° candidates, we required that the [18]- We exploit this fact to suppress backgrounds by defin-

K*(892)° candidate hav®;>2.0 GeVk. In the latter case, INg an isolation variable

the K™ and =~ daughters from th&* (892)° decay were

required to haveP>0.4 GeVk. In the K*(892)° recon- Eﬁi-ﬁa
struction, all possible charged-particle candidate pairs were _

_ : : . lg=——, 4
considered with both mass assignments. A track-pair mass ||5B|2

assignment was considered a candidétg892)° decay if
the two-particle mass was within 0.0800 Ge¥/of the  \yhere the sum is over charged particles with momentum
world-averageK* (892)° mass of 0.8961 GeV¥f. For a

; . ) ; . vectorsl3i , contained within a cone im-¢ space of radius
small fraction of the track-pair candidates, it was pOSS|bIeR= J(B )2+ (A ) 2=1.0 about i< defined by the di
that both theK " 7~ and 7+ K~ mass assignments fell within " (A¢)"+(A7)"=1.0 about an axis defined by the di-

this mass window around thi* (892)° pole, resulting in rection'of theB-candidate momenturﬁB. Trac'k candidgtes.
double counting of signal events. This double counting wad®elonging to thé8-meson candidate were not included in this
taken into account using a Monte Carlo calculation describegUm. In order to avoid including charged particles that re-
below. sulted from interactions in thep collision not associated
To identify B-meson candidates, a least-squares fit wasvith the B-meson candidate, we made the sum over only
performed on the charged-particle tracks associated with thimose charged-particle tracks that passed within 5 cm along
charmonium and strange-meson candidates, constraininge z axis of the primary interaction location. We expect
them to originate from a common decay point with the B-meson decays to have relatively small valued gf and
charmonium-candidate mass constraints described above. therefore imposed the requiremdgt<0.54, which resulted
addition, this fit constrained the momentum vector of thefrom the optimization procedure. We show in Fig. 5 the dis-
B-meson candidate to be parallel to its flight path, defined byribution of 15 for B*—J/¢K™ candidate decays, after sta-
the measured production and decay points, in the transversistically subtracting the combinatorial background under the
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FIG. 6. TheJ/4K* mass distribution is shown ifg). The #(2S)K™ mass distributions for the two modeg2S)—u*u~ and
W(2S)— Iy o~ are shown inb) and(c), respectively. The curves are the results of a fit described in the text.

B* decay signal using background events in theyK™*
mass-sideband regions. This illustrates thatBhmeson de-
cays are efficiently identified by this requirement.

As a final B-mes_on.selection requirement, we exploited yptain the yield oB*
the relatively long lifetimes oB mesons and the excellent

nal peaks at th&" andB® masses in all six decay modes.
The distributions describing thg(2S) final states constitute
the first observations of these modesgp collisions. To
candidates, each distribution was fit to

a Gaussian signal lineshape with a linear background param-

secondary vertex resolution of the CDF detector {0 rejechy ation using a binned maximum likelihood technique.

those events that have short decay len§fisWe measured
the proper decay length for each decay candidate,

CTBE—ZmBI (5)

wheremg is the mass of th&-meson candidateZT is the

flight path measured in the transverse plane, §ﬁads the
B-meson vector transverse momentum. Thg resolution

The fits were performed over tH&-meson candidate mass
region from 5.15 GeW? to 5.60 GeV£t2. The lower edge of
this range was chosen to avoid possible biases from incom-
pletely reconstructedB-meson decay modes where one or
more decay daughters went undetected.

For theB® candidates, a single Gaussian lineshape did not
accurately describe the signal due to ambiguities in the
K*(892)° daughter K™ and 7~ meson$ mass assignments
in approximately 25% of the signal events. To correct for

depended primarily on the number of track candidates pog_his effect, we used a Monte Carlo calculation to determine

sessing SVX hit information. We required thatrg
>100 pwm.

D. B-meson signals

The candidate mass distributions for tBe —J/ K™
and B*— (2S)K* decays are shown in Fig. 6. The
mass distributions for theB®—J/yK*(892)° and B°

— (2S)K* (892)° decays are shown in Fig. 7. We see sig-

the lineshape for the correct and incorrect mass assignments
and found that each of these was accurately described with a
Gaussian parametrization centered on the nonBianass.

The width of the mass distribution arising from the wrong
mass assignment was 4—6 times broader than the width of
the mass distribution associated with the right mass assign-
ment, although the parametrization differed for the three dif-
ferentB® decay modes. We list the ratio of the peak ampli-
tudes of the wrong versus right mass combinations and the
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FIG. 7. TheJ/yK*(892)° mass distribution is shown ii@). The (2S)K*(892)° mass distributions for the two modes(2S)
—utu” andy(2S)—J/ywt 7~ are shown in(b) and(c), respectively. The curves are the results of a fit described in the text.

ratio of the widths of these two Gaussians in Table I. Thetion [19]. This calculation employed the Martin-Roberts-
signal yields, masses, and resolutions of BfeandB® can-  Stirling set DO(MRSDO0) parton distribution function§20]

didates are summarized in Table II. to model the kinematics of the initial-state partons; a value
for the b-quark mass ofm,=4.75 GeVt?; and a renormal-
V. ACCEPTANCE AND EFFICIENCY MEASUREMENTS ization scale ofu= o= mZ+kZ, whereky is the momen-

) ) tum of theb quark in the plane transverse to the directions of
We used a Monte Carlo calculationpfquark production o incoming protons. We generatedjuarks in the rapidity

andB-meson decay, followed by a detailed detector simula;jneryal|y,|<1.1 and withk;>5.0 GeVk. These generator
tion to study and measure the kinematic and geometric agimits were chosen so that there were no biases in the

ceptances for' gach_decay que. We used data to estimate fmeson kinematic distributions after the application of the
remaining efficiencies associated with the reconstruction alginematic cuts used in this analysis. Thejuarks were frag-

gorithms and the event selection criteria. mented intoB mesons according to the Peterson fragmenta-

An advantage of measuring ratios of branching fractions;o, fnction[18] with the parameteg,, defined to be 0.006
for similar decay modes is that many of the acceptances al 1.

efficiencies cancel in the numerator and denominator; how- The generate® mesons were decayed into the various

ever, there are s_everal _effects that do hot cancel cpmpletelfynal states using two-body decay kinematics governed by
and have associated with them systematic uncertainties that

differ depending on which channels are being compared. Ex- TABLE I. The ratios of the peak amplitudes and widths of the
amples of these include the effect of the decay-length reGaussian parametrizations describing the wrong to #ght mass
quirement and the polarization of tHB-meson decay to assignments in th&* (892)° reconstruction.

vector-vector final states. We have taken these into account

and arrived at separate estimates of systematic uncertainties _ Amplitude  Width
for each of the six ratios that were measured. B-meson decay cc mode ratio ratio
. - BO— J/yK* (892)° p—put 0.068 3.6

A. Acceptance and trigger efficiency measurements BO_ Y(25)K* (892 (28)—pt pu 0.046 5g

The Monte Carlo calculation used a model foquark  B%— y(29)K* (892 ¢(2S)—Jlym* 7™ 0.043 6.3

production based on a next-to-leading-order QCD calcula
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TABLE Il. The numbers of observed signal events, the fitted masses, and the signal widths for the six
different B-decay reconstructions. The listed uncertainties are statistical only.

B-meson decay ¢c mode Eventyield  MasgMeV/c?]  Width [MeV/c?]
BY - J/yK " -t~ 856.7-38.3 5278 1 14.6+0.6
B* (29K " W(2S) - pt 71.9+13.4 52813 13.1+2.2
B" — y(29)K* W(2S) =yt 37.4+ 7.4 52792 11.0+2.0
BO— J/ yK* (892)° p—p*u™ 378.8-24.8 5280- 1 13.9+1.1
BO— (29)K* (892°  4(29)—u*u” 20.9+ 7.3 52753 8.2+2.4
BO— y(29)K*(892°  ¢(2S)—dlym 7 29.1+ 7.5 5285+ 4 11.9+3.3
the world-average masses and lifetimes of the daughter par- 1. Track reconstruction efficiency

ticles[13]. For they(2S)—J/ 7"~ mode, the decay ma-

X Because of the different number of charged particles used
trix element used was the Phaghal. model[17,22, a pa-

o S e in the reconstruction of each of the exclusive decay modes in
rametrization of Wh'dl) is shown in Fig. 3'0 . this analysis, we had to estimate the efficiency of the track
~ For theJ/yK* (892)" andy(2S)K* (892)° decays, which  econstruction algorithms when reconstructing three, four,
involve two vector mesons in the final state, we used thje or six-prong decays. The large number of charged par-

world;averag]e longitudinal ~polarization  for  the yjcjes associated with an interaction producinddaneson
J/yK* (892)° decay,I' /I'=0.78+0.07 [3]. The polariza-  (yypically ~40 charged particles in the fiducial region of the

H 0 .
tion has not been measuredBfi— y(25)K* (892)" decays; CTC) and the large number of simultaneous interactions cre-

0
therefore, we use the value of' /I' for the B™  4ieq very high hit occupancies in the innermost layers of the
—J/yK*(892)° decay but double the uncertainty 00.14. CTC, reducing their effectiveness.

The resulting generated events were passed through a de-\we measured the efficiency of the CTC track-finding al-
tailed simulation of the CDF detector that took into accountyqyithm by embedding the wire hits from one or two Monte
decays-in-flight, the geometry of all the subdetector elecarg charged-particle tracks into a set of data events iden-
ments, the interaction of the charged particles with the masifieq as having &/ candidate. This event sample was se-
terial in the detector, the resolution of the different tracking|gcted to be representative of the inclusiVes and ¢(2S)
elements, and the efficiency of the trigger. data set, taking into account variations in detector configura-

We used a parametrization of the muBp-dependence of (o and instantaneous luminosity. Our embedding procedure
our first and second-level trigger system to determine th,seq the hit detection efficiencies and resolutions observed in
trigger efficiency for the variou8-meson decays in which he gata to simulate the response of the CTC. We then used
the muons that resulted from the charmonium decay werghe standard track reconstruction algorithms to seek a recon-
also identified by the trigger's dimuon selection criteria. Instructed track helix that formed a match with the embedded
the remaining events, which corresponded to approximatelparticle’s trajectory. The track matching criterion was im-
25% of the selected event sample, an additional muon carposed on ay? variable with five degrees of freedom that
didate in the event often satisfied the dimuon trigger requireaccounted for parameter correlations and measurement un-
ments. This led to a-5% uncertainty in the topology de- certainties by employing in its definition the covariance ma-
pendence of the relative trigger efficiency. We included thistrix of the reconstructed track helix. For an embedded Monte
as a separate systematic uncertainty in our branching-fractioBarlo track in a data event? values were computed for all
measurements. of the reconstructed tracks in the event. A track was deemed

The resulting geometric acceptances for the different deto be a match if it had the lowegf of all tracks in the event
cay modes are presented in Table Ill, where we list the frac-

tion of decays expected to contribute to the observed signal TABLE IIl. A summary of the absolute products of the geomet-

peak. ric and kinematic acceptances, calculated for each decay mode for
B mesons produced witky>5.0 GeVk and|y,|<1.1. The uncer-
B. Reconstruction efficiencies tainties given are due to Monte Carlo statistics alone.
The efficiencies of the subdetectors and reconstruction ag_meson decay oc mode Acceptance K 10°3)

gorithms used in this analysis to identify charged-particle

candidates and reject backgrounds were separately estimatg8d— J/yK* Jp—pu*p” 19.2-0.3

using information from the collected data together withB*— y(2S)K* P(2S)—utu” 21.8+0.3
Monte Carlo calculations. The use of data that properly repB* — ¢(2S)K* W(2S)— Iyt w 6.3+0.2
resented the running conditions experienced at the Tevatrog®— J/yK* (892  Jyp—putu” 7.8+0.2
Collider was particularly important in cases where these efg®_, y(29)K*(892)° ¥(29)—u*u” 8.3x0.2
ficiencies were expected to depend on the instantaneous lgo_, y(25)K* (892 y(2S)—J/ym* 7~ 3.9+0.1

minosity.
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FIG. 8. The track reconstruction efficiency far* mesons andr~ mesons as a function of the mesBg is shown in(a) and (b),
respectively. The dipion track reconstruction efficiency as a function of the lower momentum of the two pions is skigwn in

and if this y? value was<500, a highly efficient require- The third charmonium topologys(2S)— J/ =" 7, in-
ment. cludes two low-momentum charged pions in the decay ver-
We measured the efficiency for reconstructing=@a me-  tex in addition to the muons. We measured the extra ineffi-
son as a function of the mesorPs, shown in Fig. 8, and as ciency caused by the vertex-constrained fit to this decay by
a function of several other variablg23]. We found the av- measuring the loss af(2S) signal events when making the
erage efficiency forr™ mesons to be 0.9280.003+0.026  confidence-level requirement. This resulted in a correction
for mesonP+>0.4 GeVk, where the quoted uncertainties factor of 0.834£0.039 for the efficiency of the requirement
are statistical and systematic, respectively. Because of then the vertex fit alone and a factor of 0.946.031 corre-
use of the decay mode(2S)—J/¢w*w, which intro- sponding to the additional mass-constrained fit requirement.
duced two additional charged tracks, we also repeated this
procedure by embedding pairs of charged tracks in each real
event. We found the efficiency for reconstructing the two  The efficiencies of th&-meson decay-length requirement
daughter pion tracks in the decgy(2S)—J/ym" 7~ to be  on the different decay modes discussed in Sec. IV C were
0.881+0.005+-0.043. The systematic uncertainties in thesemeasured by modeling the decay-length resolution, which
two measurements are largely correlated because they wesgas determined by the number of tracks reconstructed in the
dominated by the uncertainty in the CTC hit efficiencies usedsVX detector, and using the world-average lifetimes for the
in the track embedding procedure. Since the square of thB* and B® mesons[13]. We determined the decay-length
single-track efficiency is substantially smaller than the two-resolutions for events with different numbers of SVX tracks
track reconstruction efficiency, we concluded that the trackusing B-meson candidate events outside of the signal mass
finding efficiencies of several charged particles in a singleaegion. We then used the Monte Carlo calculation and detec-
event were correlated, an effect that was taken into accoundr simulation to estimate the expected frequencies of events

3. Decay-length requirement

in our subsequent efficiency calculations. with different numbers of SVX tracks. These were then con-
_ ] _ volved together with the expected exponential decay-length
2. Requirements on the fits to decay topologies distributions for eactB-meson species to obtain a prediction

We measured the efficiencies of the constrained-fifor the observed decay-length distributions.
confidence-level criteria for the different decay topologies The efficiencies of the decay-length requirement were
using the observed/ and (2S) signal yields before and ~0.75 and varied only slightly between decay modes. The
after making the confidence-level requirements discussed incertainties in these efficiencies were dominated by uncer-
Sec. IV C. These comparisons resulted in efficiencies for théainties in the world-averagB-meson lifetimeq413] and in
constrained fits to thed/y—utu~ and the (29) the number of candidate daughter tracks with SVX hit infor-
—u u” decay hypotheses that were equal within uncertainmation.
ties. The efficiency for satisfying the confidence-level re-
quirement on the fit employing a vertex constraint was
0.967+0.003 and the efficiency for the fit employing the = TheB-meson isolation criteriohg discussed in Sec. IV C
additional charmonium mass constraint was 086302. rejected combinatorial background. The efficiency of this se-
Since these efficiencies do not depend on the charmoniutection requirement is 0.9280.054, which we measured by
parent, they cancel in the measurement of the ratios ofstimating the loss oB-meson decays when applying this
branching fractions. The uncertainty in these measurementsiterion for each decay mode. We note, for example, that we
arises from the finite statistics of the two charmoniumimprove the signal-to-noise ratio in tliéy/K " channel by a
samples. factor of three when applying this criterion.

4. Isolation requirement
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TABLE IV. A summary of the geometric and kinematic acceptance ratios with associated systematic
uncertainties, combined in quadrature, from the following sources: Monte Carlo statistics, the generated
B-mesonP+ spectrum, trigger effects, helicity effects, and the CDF detector simulation uncertainty.

BY—J/yK* BO—J/ K *(892)° BY*—y(2$HK™

Denominator —utu sutu” —sutu”

Numerator
BO—J/ yK*(892)°

—utu” 0.405+0.025
BT y2HK™

—SuTu” 1.137+0.084 2.810+0.285
BT yp(2HK*

SIiynteT 0.329+0.017 0.813+0.058 0.289+0.026
B%— y(28)K*(892)°

A 0.431%0.044 1.066=0.092 0.379=0.030
BO— ¢(285)K*(892)°

Syt 0.201+0.017 0.496+0.032 0.177+0.023

We assume that the isolation criterion is independent ofthe daughter-meson branching fractions listed in Table VI.
the final-state topology. We do not expect this isolation re-Additional systematic uncertainties of 4% and 2% were ap-
quirement to depend on the specifiemeson final state, plied to the branching-fraction ratio calculations to account
since it was defined using only tleemeson momentum and for uncertainties in the fitting technique used to estimate
the momentum of the charged particles produced in the proevent yields and the lack of cancelation of the efficiencies of
duction and fragmentation of thequark. We verified this by the B-candidate constrained-fit criteria, respectively. When
measuring the efficiencies independently in each channelye form the ratios of acceptance-corrected event rates, the
but the statistical power of this check is limited. b-quark production cross section, time-integrated luminosity,
and common efficiencies divide out of the calculations. For
both theB* andB°-meson cases, we verified that the event
rates for the two differeny(2S) decay modes were consis-

For the purpose of determining relative branching frac-tent after taking into account the differences in acceptance
tions, the geometric and kinematic acceptance results listeshd reconstruction efficiencies.
in Table 1l were combined into twelve acceptance ratios The measured quantities are the ratios of the product of
involving the six reconstructed channels. Table IV provides &-quark fragmentation fractions and tBemeson branching
summary of these relative acceptances and their systematiictions into the specific final state. Thus, our measurements
uncertainties. The uncertainties include contributions fromcan be written as shown in Table VII, where the first uncer-
the following sources: finite Monte Carlo statistics, varia-tainty is statistical and the second uncertainty is the sum in
tions in the Monte Carld®t spectrum with changes in the quadrature of uncertainties in acceptance, efficiency, and the
renormalization scale arts-quark mass, modeling effects in charmonium daughter branching fractions. This convention
the simulation of the second-level trigger, variations in thewill be employed below unless otherwise noted. The ratio in
assumed longitudinal polarization fractions for the decaysTable VII involving exclusively thel/ decay mode has
with vector-vector final states, and the uncertainty in thebeen measured previously with a subset of these [@ta
CDF detector simulation. The present measurement supersedes it.

Table V is similarly structured to present the ratios of the  The results show that the ratesBfmeson decays to the
products of the remaining efficiencies described in Sec. V Btwo ¢(2S) final states are approximately 50% of the rates of
namely those associated with track reconstruction, thehe analogous decays to théy final states. In addition, we
constrained-fit confidence-level criteria, and the propemhote that the relative rates of vector-vector decays to vector-

C. Relative acceptance and efficiency corrections

decay-length requirement. pseudoscalar decays for thg2S) and J/¢ modes are the
same to within relatively large statistical uncertainties. If we
VI. RESULTS make the assumptidi8,13] of equal fragmentation fractions,

. . f,=fq, the vector-vector to vector-pseudoscalar decay rate
We present our results as six ratios of acceptanceg, the J/ final states

corrected rates d8-meson decays into the four channels. In
ratios involving #(2S) mesons, the results for the two
#(2S) decay modes were combined, taking into account the B(B°—J/yK*(892°)
#(2S) branching fractions. The observed numbers of signal B(B™—JIyK™)
events for each decay, listed in Table Il, were divided by the

acceptance and reconstruction efficiencies listed in Tables 1% now the most precise single measurement of this quantity
and V, respectively. The event rates were also corrected faand provides a constraint on theoretical calculations that at-

=1.76+0.14+0.15,  (6)
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TABLE V. A summary of the efficiency-product ratios and their associated systematic uncertainties from
the following sources: track reconstruction efficiencies, confidence-level criteria efficiencies, and decay-
length requirement efficiencies.

BT —JIyK* B JIyK*(892)° BT y(28)K*T

Denominator —utu” —utu” —utu”

Numerator
B J/ YK *(892)°

—utu” 0.9300.030
BT y(29)K™

—utu” 0.980=0.023 1.05 +0.03
BY* = y(28)K*

—Jiymta 0.703%0.055 0.755+0.062 0.717+0.056
B g(28)K*(892)°

A 0.923+0.030 0.992+0.024 0.942+0.031
B (28)K*(892)°

sJgmt 0.651+0.053 0.700=0.055 0.664+0.054

tempt to describe both this branching-fraction ratio and theéng them from semileptoni®-meson decays and assuming
longitudinal polarization of the vector-vector deday9,10.  that they have a monopol# dependence.
The analogous result fap(2S) final states may be similarly The measured ratios of branching fractions are compared

obtained from Table VII. with these two theoretical calculations in Fig. 9, where we
have assumed,=f,. Both models are in agreement with
A. Comparison with phenomenological models the data. However, the results of Neubettal. are favored

We have compared the results of our measurements toveraII by the data, whereas the calculation of Deandrea
P St al. predicts a lower branching fraction for thB*

two phenomenological predictions for these ratios based on, (29K * deca
the factorization hypothesf4,2]. In this class of models, the 4 Y.
ratios of branching fractions aff 4 and (2S) decay modes
depend largely on the strong interaction effects in the final
state of each decay, which are modeled by sets of form fac- We can use the world-average branching fracfib®]

tors specific to each decay. We have chosen two specific

models[24,25, as predictions for the branching fractions for B(B*—J/$K*)=(1.01+0.149x 10" * (7)
¥(2S) andJ/ ¢ decays have been made using them.

The calculation by Neubewrt al. [24] employs a set of and the assumptiofy,=fy to convert our measurements of
form factors determined using a relativistic harmonic oscil-branching-fraction ratios into absolute branching-fraction
lator potential model for the meson wave functions and a
dipole g2 dependence for most of the form factors, whefe TABLE VII. The measured ratios of branching fractions times
is the square of the four-momentum exchanged between tHeagmentation fractions for the four decay modes. The systematic
B meson and the daughtkr meson[The generic multipole uncertainties have been calculated taking into account cancellations
form-factor formula isF (q%) =F(0)/(1—g%m?)", wherem  and correlations in uncertainties.
is the pole mass and=1 or 2 for a monopole or dipole : :
dependence, respectivdlyThe calculation by Deandrea Quantity Measured ratio
et al.[25] determines the form factors empirically by extract-

B. Absolute branching fractions

fy B(B®— J/ yK* (892) 1.76+0.14+0.15
TABLE VI. Branching fractions of the daughter-meson decayfu B(BT—J/yK™)
modes reconstructed in the present analysis. The world-averagd(B*— ¢(2S)K™) 0.558+0.082£0.056
branching fractions were used for the charmonium me$a8s BB —J/yK')
Note that the brar_1ching _fraction for th,e(OZS)—qﬁ_,u* dece_ly a§- f, B(BO— y(29)K* (892°) 0.908*+ 0.194+ 0.100
sumes lepton universality. Th&E*(892)” branching fraction is — - -
i i fu B(BT—J/¢yK™)
based on isospin symmetry.
f, BB"—y(29K™) 0.317+0.049+0.036
Decay mode Branching fraction f_d B(B%— J/yK*(892)9)
0 0
*
(28 —pu” (8.5£0.7)x 103 B(B®—J/yK*(892°)
Y(28) =y (3.07+£0.19)x 10! fq B(B°— ¢(25)K* (892°) 1.62+0.41+0.19
K* (892 —K™" 7~ 2/3 f, B(BT—=y(2S)K™)
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T T T T I T T T T I T T T T I T T T T IIIIIII T T IIIIIII T T LI
B* — (2S) K*
——  B(B®»J/y K*(892)") —a— ARGUS, 1990
A BBT = J/vKT)
A CLEO, 1992 (90% CL)
—— B(Bt - y(285)Kt)
o A B(BT = J/y KT) — CLEO I, 1994
—_— B(B? — ¢(25) K*(892)°) —.- CoF
< A BBt —J/y K+)
- BB o (s K*) B® — (2S) K'(892)°
oA B(BY > J/y K*(892)0)
2| ARGUS, 1990 (90% CL)
—— B(BY —¢(25) K'(sszgﬂl
o A B(BY — J/¢ K*(892)%) — CLEO, 1992
— & B(B" 5 %(25) K*(892)°) ) CLEO Il, 1994 (90% CL)
Ao TBBfaeeHkH) [ [TTT T T T T oo oo oS o oo o o - —————
—— COF
1 1 I 1 1 I ' 1 1 1 I L 1 1 IIIIIII 1 1 IIIIIII 1 1 11 1111
0.0 1.0 2.0 3.0 107 107 107 10™
Ratio of Branching Fractions Branching Fraction
FIG. 9. Comparison of the measured branching-fraction ratios FIG. 10. A comparison of the derived CDR3(B*

(filled circles with theoretical predictions by Neubeet al. [24]
(triangles and Deandreat al. [25] (diamond$. The error bars on

tainties added in quadrature. In ratios involviBg andB°® mesons,
f,=fq4 has been assumed.

—$(29)K™) and B(B°— ¢(2S)K*(892)°) absolute branching
fractions with measurements and limits from the ARG{EH],
the measured values represent the statistical and systematic unc@:EO [27], and CLEO 11[28] experiments. The hatched bars de-
note 90% confidence-levelC.L.) upper limits and the error bars
represent the statistical, systematic, and branching-fraction uncer-

tainties added in quadrature.

measurements for the three other decay modes. There are no

correlations between our data and the world-average value in BT —y(2S)K™
Eq. (7), making the determination of the resulting uncertain-
ties straightforward. We note that the world-average value is BO— y(2S)K*(892)°
based on the assumption of equdgland f; fragmentation
fractions ofb quarks produced in the decay of thd4S) BT —J/yK™
meson.

The derived branching fractions are therefore B0 J/yK* (892)°. (11)

B(B™—#(25)K")=(0.56+0.08+0.10X10™°  (8) Using the observed event rates, correcting for the relative
_ efficiencies for these decay modes, and assuming equal frag-
B(B°— (25)K* (892°)=(0.92£0.20-0.1§x 10" 9 mentation probabilities foB* and B® mesons, we measure
©) the following ratios of branching fractions:
B(B°—J/ yK*(892°)=(1.78+0.14+0.29 x 10”3, BB 3/ yK* (892°)
10 =
(10 BE =39k =1.76+0.14+0.15

The first and second uncertainties are statistical and system-
atic, respectively. BBt — y(2S)K™)

The branching fractions for the(2S) decay modes are BB = IgK™) =0.558£0.082+0.056
compared with previous measurements by the ARGRE,
CLEO[27], and CLEO lI[28] Collaborations in Fig. 10. The BB y(29)K* (892)°)
CDF results are in agreement with these previous measure- - — —0.908+ 0.194+ 0.100
ments and have uncertainties that are approximately three B(B™—J/yK™)
times smaller. They represent a significant improvement in
the knowledge oB-meson decays t¢(2S) final states. The BB —$(29)K™) 0,317+ 0.049% 0.036
J/yK*(892)° branching fraction is also in good agreement B(B°—J/yK*(892°% T '
with the world-average valug 3] and a recent measurement
published by the CLEO Il Collaboratidi29]. B(B°— ¢(2S)K*(892)°)

BBY= 3/ yK* (8927 =0.515+0.113+0.052
VII. CONCLUSION

We have made measurements of the rates of the exclusive B(B°— y(25)K* (892°) +

decays BB = p(29K7) =1.62+0.41+0.19. (12
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These ratios have been compared to two phenomenologicatates and contribute to an effective test of contemporary
calculations that use the factorization hypothesis. The calcuB-meson decay models.
lations reproduce the overall features of the trends observed

in the data.
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