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We report a measurement of the ratios of the decay rates & th&° andB2 mesons into exclusive final
states containing & meson. The final states were selected from 19.6' @ pp collisions recorded by the
Collider Detector at Fermilab. These data are interpreted to determiteghark fragmentation fractiorf, ,
fq, andf,. We also determine the branching fractions for the decay mBdes J/yK ™, B* — J/yK* (892",

B— J/yKO, B°— J/yK*(892°, andB 2— J/y(1020. We discuss the implications of these measurements to
B meson decay modelfS0556-282(96)04023-4

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

I. INTRODUCTION respectively. The branching fraction$B) of these mesons
. . into final states consisting of only hadroftise fully hadronic
The bound states of bottom quarks provide a laboratory igjecays have been studied theoretically and have been shown

which we can investigate the behavior of the strong forcgg yield insights into the interactions that take place between
(quantum chromodynamics or Q¢@nd the electroweak in- 3 quark and antiquark pair at short distance scided.

teraction[1]. The lowest-lying bound states are the pseudo- Experimental studies of bottom meson hadronic decays
scalar mesonéB*, B®, andB?) formed by one bottom anti- have been limited by their relatively small branching frac-
quark bound to one of the three lightest quafisd, ands,  tions (typically 10 2-103) and the difficulty of detecting
the final states. The most precise branching fraction measure-
ments have been madeeite™ colliders, where th&™ and
*Visitor. B mesons are pair produced at thresH&]. Bottom had-
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rons are produced copiously in high-energy proton- The bottom quark production cross sectiefpp—b) is
antiproton collisiond7-9] and so it is possible to measure not known precisely; the best measurements to data have
the branching fractions of bottom mesons into those fullyuncertainties of ordet-20%[9]. The efficiencye®* depends
hadronic final states that have distinctive final state topoloon an understanding of thequark production properties and
gies. We report a study of the branching fractions of bottondetector acceptance. We, therefore, present our measure-
mesons into final states consisting al/gy meson and a light ments in the form of ratios of branching fractions in order to
guark meson, using the Collider Detector at Ferm{i@bF). avoid introducing additional uncertainties due to thquark

The data set consists of 19.6 phof 1.8 TeV pp collisions  production cross section and the final state detection effi-
produced by the Fermilab Tevatron Collider. This work ex-ciency. We then compare these ratios directly with phenom-
tends an earlier analysis of the same dat@&@f by incor-  enological predictions of the relativB meson branching
porating an additional final statd/iy¢$(1020, estimating the fractions. We also use our data to estimate the fragmentation
fragmentation fractions oB hadrons, and providing im- fractionsf,, f4, andfs.

proved measurements of the branching fraction® 6fand We have organized this report as follows. In Sec. I, we
B® mesons. Throughout this paper, references to a specifitescribe the data selection and procedures that we followed
decay mode imply the charge conjugate mode as well. to reconstruct the five decay modes. We present in Sec. lll a

We have focused our study on the bottom meson decagtudy of the relative sizes of resonant and nonresoKant
modes that yield d/ meson that subsequently decays to aand KK contributions to theB meson final states. We de-
w'u” final state. This results in a signature that we canscribe the procedure used to determine the acceptance and
identify readily by using the CDF trigger system and pro-efficiency corrections for each decay mode in Sec. IV. In
vides the necessary rejection of other background processe3ec. V, we present the results of this study and conclude in
We have measured the observed cross-sections times bran&ec. VI.
ing fractions for the channels

B —J/yK", () Il. DATA COLLECTION AND SELECTION
BO—>J/ lﬂKO (2) A. The CDF detector
CDF is a multipurpose detector designed to study high-
B —J/yK*(892™, 3) energy pp collisions produced by the Fermilab Tevatron
Collider. It surrounds the interaction point with three charged
BY—J/yK*(892)°, (4) particle tracking detectors immersed in a 1.4 T solenoidal
magnetic field. The tracking system is contained within a
BO— J/4p(1020). (5)  hermetic calorimeter system that measures the energy flow of

charged and neutral particles. Charged particle detectors out-
The observed cross section for the decay mBde-J/yK*  Side the calorimeter are used to identify muon candidates.

can be decomposed into the form The detector has a coordinate system with zhexis along
the proton beam direction. The polar angles defined rela-
— o (bDob) f. BBT—J KTk tive to thez axis, r is the radius from this axis, angl is the
Tobs= 7 (PP— D) TulS( VYK, C azimuthal angle. Pseudorapidity is definedzas—In tan(é/
2).

and similar forms can be written for the other decays. Here$
a(pp—Db) is the bottom antiquark production cross section
andf, is the probability that the fragmentation ofbaanti-
quark will result in aB* meson. In a similar way, we define
f4 andf to be the probabilities of b antiquark to hadronize

The innermost tracking device is a silicon microstrip de-
tector(SVX) located in the region between 3.0 and 7.9 cm in
radius from the beam axis. This is followed by a set of time
projection chambergVTX) that measure charged particle

and form aB° and B meson, respectively. We will refer to trajectories out to a radius of 22 cm. An 84-layer drift cham-

these probabilities as fragmentation fractions and include ex2€" (CTC) measures the particle trajectories in the region
plicitly in this fraction contributions from decays of heavier P€tween 30 and 130 cm in radius from the beam. This track-

B hadrons into final states containin@a, B, or B2 meson. ing system has high efficiency for detecting charged particles
The expression3(B*—J/¢K™) represents the branching

with momentum transverse to the be&y>0.35 GeVt and
fraction for this decay mode of t&" meson and<™ is the |7/=1.1, and the CTC and SVX together measure charged
efficiency of detecting thé/yK ™ final state.

particle transverse momenta with a precision of:T

The fragmentation fractions into the differeBt meson  ~[(0.006@1)2+ (0.0009%)2]¥2 (with Py in units of
states are not well known. If one assumes that these fractiofseV/c).
are independent of the flavor and energy of the quark initi- The muon detection system consists of 4 layers of planar
ating the hadronization process, then measurements offift chambers separated from the interaction point-by
strange meson production in light quark fragmentation prointeraction lengths of material. Additional 4 layers of cham-
vide the most accurate estimatesfgf{11]. Only one mea- bers are located outside the magnet return yckerespond-
surement of ¢ in the bottom meson system exi§i] and it  ing to 4 interaction lengths of materjah the central pseu-
has large uncertainties. No measurements have been madedsfrapidity region |#/<0.7 to reduce the probability of
f, or f4 in the bottom meson system, despite the importancenisidentifying penetrating hadrons as muon candidates. An
of these in manyB hadron branching fraction, lifetime, and additional set of chambers is located in the pseudorapidity
mixing studieq13,30. interval 0.%|7|<1.0 to extend the acceptance of the muon



54 RATIOS OF BOTTOM MESON BRANCHING FRACTION . .. 6599

system. The muon system is capable of detecting muons with 10000
P;=1.4 GeVEt in a pseudorapidity intervdly<1.0. These -
and other elements of the CDF detector are described in
more detail elsewherfl4].

& 7500 -

B. The J/4 selection % ]

We selected thd/y final state using a three-level trigger = L i
system that identified collisions with two muon candidates. . 5000 n
The first level trigger required that there be two track candi- 3> ]
dates observed in the muon system. The level one trigger © 1
track efficiency rises from~40% at Pt=1.5 GeVt to E 2500 ]

~93% for muons withP+>3 GeVk. The second level trig-
ger requires the detection of a charged track in the CTC
using the Central Fast Track process@FT), which per-
forms a partial reconstruction of all charged tracks above a
transverse momentum of2.5 GeVt. The CTC track is
required to match within 15° irp of the muon candidate.
The CFT efficiency rises from 40% at a mudh.=2.6 ) o o ) _
GeVic to ~94% for Py>3.1 GeVE. The third level trigger FIG. 1. The dimuon invariant mass d_|str|_but|on for the_ |ncIL_JS|ve
. ; J/ event sample. The shaded distribution is for same-sign dimuon
requires that two reconstructed CTC tracks match with two .
: . . . candidates.
tracks in the muon chambers and that the dimuon invariant
mass be between 2.8 and 3.4 Ge¥//The efficiency of the
level three trigger requirement i©7+2)% for J/y candi-  averagel/yy mass, and the flight path of ti&" candidate to
dates. There are 2.06.C° dimuon candidate events that be parallel to its momentum vector in the transverse plane
passed the level three trigger requirements. two-dimensional pointing constrajntThe confidence level
These events were further selected to identify a cleamf this least-squares fit had to exceed 0.01. We required the
sample of)/y candidates. We required that each muon canfitted transverse momenta of the muon candidate with lowest
didate have a CTC track candidate wiRh>1.4 GeVt. This  and highesP+ to be greater than 1.8 and 2.5 GeWespec-
track, when extrapolated to the muon chambers, was rdively. This ensured that the muon candidates were likely to
quired to match within 3 standard deviations of the extrapopass the dimuon trigger requirements. In order to reduce the
lation and measurement uncertainties with a muon track itackgrounds from prompl/¢s production, we required the
the transverse plar(e-¢) and along the beam axis direction. B™ meson candidate flight path to be pointing in the same
The two muon candidates were required to have opposithemisphere as its momentum vector effect requiring the
charges. We performed a least-squares fit of the two muoB™ candidate’s observed proper decay length,to be posi-
candidate tracks under the constraint that the two tracksve). The interaction vertex position was determined by av-
come from a common poinfa vertex constraint We re-  eraging the measured beam position over a large number of
quired the probability of this fit to be greater than 0.01.collisions recorded under identical Tevatron Collider operat-
These requirements resulted in a signa(®B9+0.09x10*  ing conditions. Thed/yK™ invariant mass distribution is
J/y decays on a background of nonresonant dimuon candshown in Fig. 2a). We have performed a binned maximum
date events. The dimuon invariant mass distribution for thidikelihood fit of this data to a Gaussian line shape and a
sample is shown in Fig. 1, along with an estimate of thelinear background term and estimat®& signal of 154-19
background determined using same-charge muon candidageents. The width of the signal was not constrained in the fit
pairs. We performed an additional fit to the dimuon systemand resulted in a fitted mass resolution of 0.605002
applying a vertex constraint and requiring that the dimuonGeV/c?, consistent with our expected detector resolution.
invariant mass equal the world averayfjé¢ mass of 3.09688 The reconstruction of the other four decay modes was
GeV/Ic? [13]. The confidence level of this vertex-plus-massperformed with similar criteria in order to reduce the system-
constrained fit was required to be greater than 0.01. atic uncertainties resulting from the kinematics of the pro-
ducedB mesons and selection biases. Identical requirements
C. Reconstruction of exclusive decays were made on the quality and transverse momenta of the
. . muon candidates, constraints on the fits to Ehelecay to-
1. The B"—J/¢K™ channel pologies,B meson lifetimes, and 2 lifetimes. We allowed
We reconstructed the exclusive decay modes listed ifior small variations in theB and light quark meson trans-
Egs.(1)—(5) by forming charged particle combinations with verse momentum requirements to optimize the expected sig-
the J/i candidate. For the decay chanel —J/4K™*, we  nificance for each channel. The significance is defined as
considered every charged particle wBy>1.5 GeVt as a  Ng/\ N+ Ny, whereNg is the expected number of events
K" candidate and required the resultify’ candidate to determined using a Monte Carlo calculation for a given in-
have P;>8.0 GeVEt. A least-squares fit was performed on tegrated luminosity, andll,, is the extrapolated background
the three charged tracks forming tdéyK ™ candidate by rate under the signal region using the obserBedneson
constraining the three tracks to come from a common vertexsideband background levels. This resulted in only modest
the invariant mass of the dimuon system to equal the worldlifferences in the®; requirements from channel to channel,

2.90 3.00 3.10 3.20 3.30
Mass u'u” (GeV/c?)
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FIG. 2. Thed/y¢K™ invariant mass distribution is shown {g).
The invariant mass distributions for tHéyK 2 3/ yK**, 3/ yK*©,
and J/iy¢ candidate events are shown (ib) through (e), respec-

tively.

and did not introduce significant systematic uncertainties iroppositely charged particles. The daughter pions were re-
quired to haveP;>0.4 GeVEt. To fully reconstruct the
B%—J/yK 2 decay, we performed a least-squares fit to the
two pion candidate tracks and two muon candidates, con-
straining each track pair to come from common points, re-
Searchmg fOTKO—>KS—>7T a~ candidates usmg all pa"fs of qumng the momentum vector of thés candidate to pOInt

our estimation of thd8 meson detection efficiency.

The decay modeB‘)H\]/wK0 was reconstructed by

2. The B°—J/¢K° channel
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FIG. 3. Thew" = invariant mass distribution is shown {g) for Kg candidates. Th& "K ™ invariant mass distribution is shown h).
The Kgq-r+ invariant mass distribution is shown {n). The K" 7 invariant mass distribution is shown {d).

along its flight path(a vertex and pointing constrajnand 3. The B" = J/4K* (892 * channel

placing alJ/{y mass constraint on the dimuon system. We also We searched for the decay mod — J/yK* (892)"

imposed a mass constraint on the dipion system, constraining 0+ . .
the invariant7" 7~ mass to the world averagé2 mass of —JlyKsm” by selecting a sample dily candidate events

0.4977 GeV#¢2. The confidence level of the fit had to exceed containing aK s candidate. The criteria used to |dentH(yg

0.01. To improve the signal-to-noise ratio, we required thecandidates for tha/yK s final state also were used for this

proper decay length of thi  candidate to be larger than decay mode. We required the candidates to haver>2.0

0.1 cm and its transverse momentum to be greater than 18€V/C. We considered all other charged tracks whtf>0.4
GeVi. The == invariant mass distribution for thgd ~ GeV/c asw" candidates and we combined these withKt
candidates that satisfy these requirements is illustrated ifandidates to form all possibli¢* (892)" —K 3" candi-
Fig. 3(a@), and shows Kgsignal of(2.56+0.059x 10" decays ~ dates. The combinatorial backgrounds to (892" de-
above a large combinatorial backgroutidr illustration, no ~ cay are large, as illustrated in theS= " invariant mass dis-
mass constraints were imposed in the least-squares fit to ttiébution presented in Fig. (8). In order to identify aB™
charged tracks in this figureTo identify a clearB® candi- candidate sample, a least-squares fit similar to that imposed
date sample, we required th¥ K 2 candidates to have on the J/yK 2 candidates was performed. We required that
P:>6.0 GeVt and the candidates to haveca greater than the confidence level of this fit be greater than 0.01, and that
zero to reduce the combinatorial backgrounds from prompthe c7 of the K& candidate be greater than 0.1 cm. The
J/4 production. The invarianf/ 4K 2 mass distribution for ~transverse momentum of ttBs" candidate had to exceed 6.0
these candidates is shown in FigbR A fit of this distribu- GeV/c and itsct had to be positive. In order to isolate a

tion to a Gaussian line shape and linear background results i6* (892" resonance, we required that the invari#ngms*
a total signal of 36.27.3 B® decays. mass be within 0.08 Gew? of the world averag&* (892"
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TABLE I. The definition of the signal regions, sideband regions, and the number of observed events
associated with the decas” — J/yK* *, B’—J/yK*°, andB 2— J/iyp. The number of observed events is
calculated in three ways: fitting the resonant structure inktheand KK invariant mass distributions either
using the sideband distributions to estimate the backgr@biyg or using a second-order polynomial to
estimate the backgrour@ly;), and using the number of observBdcandidate events, correcting for the loss
of resonant decays due to the two-body mass requirefhgpt). The number of events obtained using the
sideband subtracted backgroum,,, is used to calculate the branching fraction ratios.

I yK 2mt YK 7™ YK TK™
Signal region(GeV/c?) 5.235-5.325 5.235-5.325 5.320-5.410
Sideband region&GeV/ic?) 5.000-5.220 5.000-5.180 5.100-5.305
5.340-5.600 5.380-5.600 5.425-5.700
Ngp (events 21.3+6.1 119+20 26.7+7.3
N (event$ 17.0+6.5 10827 27.3t7.4
Nyin (events 16.0+5.3 11918 34.4-7.3

mass(0.8916 GeWt?) [13]. This results in thel/yK 2™ distribution to determine the number &° decays in our
invariant mass distribution shown in Fig(c2 A fit of this  data. This procedure vyields a signal of 95B1.3
distribution to a Gaussian line shape and linear backgrounB8®— J/yK* (892)° decays.

results in an estimated signal of 12.9.3 decays.
5. The BY—J/4:¢(1020 channel

4. The B°— J/yK*(892f channel The search for the decay mong—>J/¢//¢(1020)
—JIYyKTK™ was performed by considering as
#(1020—K K~ candidates all oppositely charged track
airs. A least-squares fit of the" u K"K~ candidate sys-
em was performed, constraining all four tracks to come
rom the same vertex, constraining the dimuon invariant
ass to the world averagly mass, and imposing a two-
dimensional pointing constraint on ti& decay. The confi-
dence level of this fit had to exceed 0.01.¢41020 signal

Our data selection to reconstruct the decay
BO— J/yK*(892)°—J/yK "7~ proceeded in a similar
manner. We formed combinations of all oppositely charge
track pairs, and fit the four charged tracks requiring that the
come from a common decay point, constraining the invarian
dimuon mass to the world averadé) mass, and requiring
that the flight path of theB® candidate be parallel to its

momentum vector in the transverse plane. The confidencg]c (4.1+0.4)x 10° events is evident in this sam .
. .1+0. ple, as illus-

Ieyel of this fit had to t.)? greater than.0.01 gnd Bfecan- trated in Fig. 8b). The combinatorial background was

didatecr had to be positive. The combinatorial backgroundsreduced by requiring th& K~ system to haveP;>2.0

* O . . . .
to the K*(892" decay are also large. This is illustrated in GeVic, the J/yK K~ system to havéP;>6.0 GeVt and

! e | S
F'g' ?(d)’ Wh?retk\]/v? showtthe( 7 Invariant rpass %ﬁmtzu- thecr of theBg candidate system to be positive. We defined
lon for events that have transverse momentum oltner our ¢(1020—K K~ candidate sample by requiring the

system greater than 2.0 GeVMe defined th&° candidate KK~ invariant mass to be within 0.0100 Ga&¥/of the

sample by requiring thB of theK "7~ system to be greater world avera 2 ; :
. o2 gep mass(1.0194 GeVeé?) [13]. This resulted in
than 2.0 GeWs and the resultingl/ K™=~ system to have a sample with thel/yK K™ invariant mass distribution

. + p— .
Pr>8.0 GeVL. We required thi " invariant mass to be shown in Fig. 2e). A BY signal is evident on a relatively

i 2 * 0
within 0.08 GeVE™ of the world averageK™ (892" mass small background. A fit of this distribution to a Gaussian line

2 i o invari
(0.8961 GeWt?). The resultingJ/yK™ 7 invariant mass shape and linear background results in a total signal of 29.4
distribution is shown in Fig. @). +6.2 events

The peak in Fig. @) also has contributions from
K*(892° decays where the incorrect kaon and pion mass
assignments vyield an invariark "7~ mass within the
K*(892° mass window of-0.08 GeVt2. We used a Monte Clear signals foB meson production and decay are ob-
Carlo calculation, described in Sec. 1V, to determine the relaserved in all five channels. In the case of the three channels
tive fraction of such combinations and the shape of the reinvolving aK* (892 or ¢(1020 resonance in the final state,
sulting J/4K* 7~ invariant mass distribution. The signal the estimated number & candidate events includes reso-
shape was parametrized by two Gaussian distributions withant and nonresonant contributions in the final state. We
the relative width, normalization, and position of the secondsearched for evidence of a nonresonént or KK contribu-
distribution determined by a fit to th& K 7~ invariant  tion to theB meson signals by placing invariant mass cuts on
mass distribution predicted by the Monte Carlo calculationthe B candidate, removing the invariant mass cuts on the
The width of the second Gaussian was fixed to 3.3 times thavo-meson systems and examining &=, K™#~, and
width of the first, the normalization of the second was fixedK *K ™ invariant mass distributions. In order to account for
to 0.08 times that of the first, and the mean of the secondionB background in the two-body mass distributions, we
Gaussian distribution was offset lower in mass by 0.0023JlefinedB mass sideband regions for the three samples, nor-
GeV/c? relative to the mean of the first. This shape then wasmalized to the estimated number of nBnevents as deter-
used in a fit to the observeﬂi/://K*(892)° invariant mass mined from theB invariant mass distributions. The signal

IIl. RESONANT AND NONRESONANT DECAYS
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and sideband regions are described in Table I. By allowing €?=ey, X 65560”% € X €4 (11)
for a nonresonant contribution to tli® decay rate, we will
estimate directly the rate of resonant decays without having
to assume that the rate of nonresonant decays is negligiblevhere we show the common contributions. The quarjty
The Kg77+, K*#~, and KK~ invariant mass distribu- is the efficiency for triggering and reconstructing the
tions are illustrated in Fig. 4 for thB signal and sideband Jlp—u* u~ decay. It is common to all decay modes. This
regions(the shaded distributions are from candidates irBhe also includes the combined efficiencies of the vertex and
sideband regions normalized to the background undeBthe vertex-plus-mass constrained fits of 0.932006, which
meson peak in the signal regjorOne sees from these dis- cancels out in our subsequent analysis. The quanttigs,
tributions resonant signals for ti&* (892 and ¢(1020. We  are the geometrical efficiencies for finding the daughter me-
quantified the amount of resonance production associategbns in the tracking fiducial volume, having the decay ex-
with the B signals by performing binned maximum likeli- ceed the minimumP; requirements on the meson aid
hood fits of the two-body invariant mass distributions tosystems given d/y candidate, and having th& candidate
Breit-Wigner line shapes convoluted with detector resolu-satisfy the constrained fit requirements. The quantiieare
tion. We used the observeB sideband distributions to the efficiencies of the proper decay length requirement on the
model the shape of the background under the two-body resd® candidate in the different decay modes. The quantyjigs
nance signals. The resulting numbers of observed eventsk,, €, ande are the efficiencies for reconstructing tKe,
Ngp, are listed in Table I. As a cross-check, we also estiK ¢ 7, and$ mesons using the charged track information.
mated the number of signal events by fitting the resonance |n addition to these efficiencies, we correct the observed
signals to Breit-Wigner line shapes convoluted with detectokevent rates for the relevant branching fractions into interme-
resolution and background shapes described by second-ordgiate states, B(K°—K 2— 7" 77)=0.3430-0.0014 and
polynomial functions. The resulting event ratéds, are  B(¢4(1020—K K )=0.491+0.009, both taken from Ref.
listed in Table | and are consistent withy,. [13], and the isospin weighting factorg3(K*(892)°
Under the assumption that there are no nonresonant desK* 7~ )=B(K* (892)" —K%=")=2/3.
cays, we also can estimate the strength of the two-body reso- Since we are only interested in ratios of efficiencies, the
nant decay by correcting the observBdrates determined common terms in these efficiencies cancel, reducing the
from the fits to thed/yK = and J/yKK invariant mass dis- overall uncertainties. These include the teeg,, and the
tributions in Fig. Zc)—(e) for the loss in efficiency due to the reconstruction efficienciesi or ex_ when they appear in
K andKK mass cuts. The presence of nonresomamtor o, the numerator and denominator of the ratio. A number
KK decays would result in correctdsl decay rates system- ¢ oiher quantities do not cancel necessarily when calculat-
atically larger than those determined Ry, or N . The mass g the ratio of branching fractions. In order to evaluate the
cut efficiencies have been estimated using a Monte Carlgyjative efficiencies, we employedB meson Monte Carlo
calculation to be 0.80 and 0.86 for tier and KK mass  .icyjation.B mesons were generated withPa spectrum
window cuts, respectively. The resulti§ meson rates, ,gicted by a next-to-leading order QCD calculat[ds]
Nwinv are Ilsted' in Table I. We see no significant dlfferenceusing the Martin-Roberts-Stirling set D®RS DO) parton
in the rates estimated by these three methpds. We, thereforgstribution functiong16]. Theb quark P was required to
conclude that Woe do not observe a significant nonresonam, ~.g GeVk, and theb quark fragmentation into B meson
B—J/yKr or Bs—J/yKK deqay mode. was modeled using the Peterson parametrization with the
For the subsequent analysis, we chodlg as the best o metere chosen to be 0.00pL7]. The B mesons were
estimate of the rate of resonant production as it is least b'decayed using the CLE® decay model[18] and a full
ased by potential contributions from nonresonant productiongmuiation was used to model the response of the CDF de-
In addition, we have investigated the possibility that kine-tgctor including effects due to the underlying event. The
matic reflections of otheB hadron decay modes could en- g 1ting Monte Carlo events were then processed with the
hance our observed event yields, and have excluded suclyme aigorithms used to reconstruct the data. We used the
contributions. reconstructed Monte Carlo events to estimate the geometrical
acceptancesye,m. These efficiencies are listed in Table II.
IV. EFFICIENCY CORRECTIONS The geometrical efficiencies include the effect of Be
eson vertex and mass constrained fits. We determined that
he efficiency of the fitting procedure and subsequent confi-
dence level requirements were independer diecay mode
by measuring the relative loss in signal events when different
event topologies were fit employing both a vertex constraint

We estimate the relative reconstruction efficiency for eac
B meson decay mode to convert the observed numb& of
events into ratios of branching fractions. We write the effi-
ciencies for reconstructinB mesons as

+ + + and a vertex-plus-mass constraint. We assigned a systematic
< =¢,,X el m?<eK X € (7 ; : : .
7> Egeon™ Eer 4 EKD uncertainty of 1% in the relative acceptances to this effect,
o 0 0 which we estimated by comparing the relative loss of signal
€= €1y X €geom< €¢, X €K, (8)  events in the different decay topologies. We also investigated
the uncertainties associated with the model of the detector
* + * + * + . . . . .
7 =€y X eoomX e X €k X € (99  Uused to measure the reconstruction efficiencies. We verified

that the detector simulations described accurately the inter-
(x0 kKO x0 action vertex distributions and detector geometry. We then
€ =€yyX €geomX €cr X EKX €, (100 compared the efficiencies determined using the complete de-
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FIG. 4. TheKx" invariant mass distributions for thB* signal and sideband regions are shown(@h The B* signal region is

represented by the unshaded histogram. BHesideband region, normalized to the nBA-background in theB™ signal region, is the
shaded distribution. The corresponding distributions forKher~ andK K~ invariant mass are shown iib) and(c), respectively.

tector simulation to those determined using a parametrized In principle, theB mesoncr requirements have different
model of the detector. Based on this comparison, we asefficiencies for each channel because of different momentum
signed a 5% systematic uncertainty on the relative geometrand vertex resolutions for the final states and possible differ-
cal efficiencies to take into account any remaining uncertainences in the lifetimes of thB meson states. We evaluated
ties in the detector model. the efficienciese., using the world average values for the

TABLE Il. The number of observed signal events and the reconstruction efficiencies for the five decay
modes. The geometrical efficiency includes the meBerrequirements and the acceptance of the tracking
fiducial volume. It does not include tléy and light quark meson branching fractions. The efficiencies of the
B proper decay length requirement and the reconstruction efficiencies of the light quark mesons also are
listed. Some of the systematic uncertainties are correlated as they have common sources. These correlations
are taken into account when ratios of the observed decay rates are determined.

Channel Events

€geom €cr €meson
BT —J/yK™* 154+19 (:I.O.ﬁO.S)XZI.O_2 0.900+0.005 0.9790.031
BO—>J/1//KO 36.9+7.3 (7.9&0.58)><1072 0.876+0.007 0.85%0.012
BT —J/yK** 21.3t6.1 (4.17i0.30)><1072 0.880+0.006 0.839-0.015
BOHJltﬂK*O 119+20 (8.39'_"0.59><1072 0.893+0.006 0.9580.032

B Jlye 26.7£7.3 (10.7+0.8)x10°2 0.884+0.020 0.904:0.058




54 RATIOS OF BOTTOM MESON BRANCHING FRACTION . .. 6605

lifetimes of the threeB mesond13], using tracking detector TABLE Ill. The systematic uncertainties in the relative efficien-
resolutions observed in the events in Bisideband regions. cies for the different channels.

The results are listed in Table Il. We repeated the efficiency
calculation varying the lifetimes by one standard deviation Effect Systematic uncertaints)
T_he resulting variat?ons in the_z r_elative efficiencies were 855 meson confidence level requirements 1
signed as systematic uncertainties.

. - . . etector simulation 5

The meson reconstruction efficiencies take into accounE+ reconstruction efficiency 1
the charged track reconstruction efficiencies, the eﬁiciencie@ ‘ larizati 25

of the K2 lifetime cut and the additional constrained fits %C or meson po‘arization '

performed when & 2 candidate is in the final state. The Ks reconstruction L
track reconstruction efficiencies were determined using botff Pt spectrum _ 1-5
a full detector simulation and by embedding simulated track&ffects of excited8 meson production 1-4

in real interactions containindfy candidates. The systematic

uncertainties in the track reconstruction efficiencies were de- _ o
termined by varying the embedding techniques. The loss oft Nominal value of 0.75 and th&(1020 meson longitudinal

K* mesons due to decays-in-flight was estimated using thBolarization by+0.25 around the nominal value of 0.5IB].

full detector simulation. Between 4% and 6%Hof mesons \We assigned the resulting 2.5% change in acceptance as the
(depending on th® meson decay modalecay within the ~SyStématic uncertainty due lo this effect.

volume of the CTC, of which approximately 40% are recon- We expectB™, BY, andBs mesons to be produced both

structed correctly. We assigned a 3% systematic uncertainf§irectly and through the production of excitdtl meson
on ¢ due to the decays-in-flight correction. States that decay to the pseudoscalar mesons we observe. We

The K 2 lifetime cut efficiency and the efficiencies of the investigated the effect such resonant production would have

vertex and mass constrained fits were determined by meastRD the relative ratio of efficiencies of the decay modes stud-
ing the loss of signal events in both the proper lifetime dis-€d by performing a Monte Carlo calculation using the
tribution and ther* 7~ invariant mass distributions. The ef- PYTHIA program[20], which models the production and de-
ficiency of the lifetime cut was determined to be 0.958Cay of higher mas8 meson states. In this calculation, we
+0.007. The uncertainty represents the difference irpSSumed that the relative production Bfmesons with or-
efficiencies determined by estimating the loss of &g  bital angular momentuni and spinS was in the ratio
decays using ther' 7 invariant mass and ther distriby- ~ 0-30:0.53:0.17 fot. =1 andS=0 or 1:L =0 andS=1: L=0
tions for the candidate samples. The fraction&kd candi- andS=0 [21]. The change in the ratio of acceptances, rela-
dates that satisfied the confidence level requirements on tH&/€ t0 the case where only pseudoscalar meson production
vertex and vertex-plus-mass constrained fits were 0.93%@s assumed, varied from 1% to 4%, depending on the de-
+0.017 and 0.9830.006, respectively. cay mode considered. We included this as an additional sys-
A number of additional checks were made to verify thattématic uncertainty on the acceptance. _ _
correlations in efficiencies were taken properly into account. The systematic uncertainties assigned to the relative effi-
The variation of the dimuon trigger acceptance for the dif-Ciéncies are summarized in Table Ill. These were combined
ferent B meson final states was determined using a Montdn quadrature to determine the total systematic uncertainty on
Carlo calculation that simulated both the detector responsi€ relative acceptance for each pair of decay modes used in
and the effect of the trigger. This resulted in a negligiblethis study.
uncertainty in the ratio of acceptances. Variations inFge

spectrum of the produceB mesons also could result in a V. RESULTS
change in the relative acceptance. This was measured by '
varying the renormalization scale and thequark mass in We present our results as a matrix of ratios of acceptance-

the Monte Carlo calculation of this spectrum. We assigned &orrected rates d meson decays into the five channels. The
systematic uncertainty on the relative acceptance due to thisbserved numbers of signal events, listed in Table II, were
effect that varies from 1% to 5%, depending on the pair ofcorrected by the detection efficiency for each decay. When
final states being compared. The polarization of the vectowe form the ten possible ratios of these acceptance-corrected
mesons in the final state also has an effect on the relativevent rates, thdo quark production cross section and the
acceptance. We varied the longitudinal polarization of thecommon efficiencies cancel. The results are listed in Table
K* (892 meson in theB meson rest frame by 0.10 around IV. Three of these ratios also have been determined using a

TABLE IV. The ratios of fragmentation fractions times branching fractions for the vaBomeson final
states. The rati®! is located in theth row andjth column. The uncertainties are statistical and systematic,

respectively.

(31K (/K> ") (3/yK*O) /)
(IIyK™) 1.15+0.27+0.09 1.92:0.60+0.17 1.59-0.33+0.12 0.41-0.12+0.04
(314K 1.68+0.58+0.11 1.39-0.36+0.10 0.35-0.12+0.03
(I ypK*T) 0.83+0.27+0.07 0.21-0.08+0.02

(31 pK*0) 0.26+0.08+0.02
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different technique based on the same data[$6f. The tions have been measured assuming that the fragmentation
values determined here are in good agreement with thedeactionsf, andf, are equal fob quarks produced iV (4S)
previous results. Note that the two measurements of thes#ecays, and so this assumption is implicit in this calculation.
three ratios are not statistically independent. All ratios that involve theB 2 can be rewritten in the form
The measured quantities are the ratios of the produbt of given by the example
qguark fragmentation fractions and tlig2 meson branching
fractions into the specific final state. Thus our measurements fSB(Bg—>J/¢¢)= fuB(B+—>J/¢K+)Rf§’+ , (22
can be written as
which gives us four different measures of the ratio of frag-
w_fa BB =YK mentation fractions and tH&? branching fraction, using the
K+~ E BB —JlyK*) 1.15+0.270.09, (12 world average values for the branching fracti¢h8] on the
right-hand side of E¢(22). With the assumption of equal™
K+ B(B*—=J/yK*™) andB° fragmentation fractions, we form the weighted aver-
K+ = BB SIgKT) =1.92£0.60+0.17, (13)  age of the four estimates to obtain

f
o Tq BBO=JIyK*0) ®— B(BY—J/y$)=(0.37£0.11£0.04 x 103, (23)
K+ — fu B(B+_)‘]/¢K+) =1.59+0.33+0.12, (14) (fuafd)

B(BY— 3/ In order to extractB(B 2— J/yp), we assumd = f, and
ko fs B(Bs—Ilye) —0.41+0.12+0.04, (15 use the valué,=(0.40+0.06)f, . This value off s represents

S E B(BT—=J/yK™) the central value of the range of reportedmeasurements
[11,12, and the uncertainty has been chosen to cover half of
et Ty BBT—J/yK*™) the difference between the minimum and maximum values.

=1.68-0.58£0.11, (16) It is also consistent with the suppression of strange hadrons

observed in the production of light quark hadrdgd]. With

kr0_ B(B—J/yK*?) these values for the fragmentation fractions, we determine
= = -
0 = BEI— /K0 = 139:036£0.10, (17

KO T f, B(BY—J/yKO)

B(B%—J/ )= (0.93+0.28+0.10+0.14 X 10°3. (24

0
Kg: fs M =0.35-0.12+0.03, (18  Thefirstuncertainty is statistical, the second accounts for the
KT 14 B(B"—JIyK®) systematic uncertainties associated with the ratio of branch-
0 0 ing fraction measurements, and the third is the uncertainty
keo g B(B"—=J/¢K*T) associated with the value we have taken ffpr

Ry + = f, B(BT = J/yK* ™)

=0.83£0.27+0.07, (19

2. The B* and B branching fractions

ke s B(BS—>J/¢¢>) We also can use these data to estimate the branching frac-
Rie+ = . BB Sargke ) 0210 0.0850.02, (200 o Tm BT 31K ), BBO—J1yK®), B(B* — K> *),
and B(B°— J/K* ) using the world average values for the
ke fs B(Bg—d/z,//(;b) branching fractions, our ratios of branching fractions, and the
Ri¢xo= E WZO-Z&—“ 0.08+0.02, (21) assumption thatf,=fy;. For example, for the decay
BT —J/yK* ", we have three separate estimates
where the first and second uncertainties are the statistical and o
systematic uncertainties, respectivelyenceforth the first BB —J/yK* +):B(B+HJ/¢K+)RE+ , (25
and second uncertainties in measured values will represent
the statistical and systematic uncertainties, respecjively fa) xt
We can use these data to constrain both the fragmentation ~ B(B*—J/y¢K* +)=l'§’(B°—>J/¢KO)(f—) Rko , (26)
fractions and the meson branching fractions. To extract the u
branching fractions, we will have to assume certain ratios of

fragmentation fractions. Correspondingly, we will use phe- B(BJF_,\]/I’Z,K*+):B(Bo_>J/(/lK*0)(f_d b (27)
. . . . f K*O "
nomenological and theoretical predictions for the ratios of ul Ry s

branching fractions to extract the fragmentation fractions.
We use for the first factor on the right-hand side of these
A. Branching fractions estimates the world average values for the branching frac-
tions[13] and form the weighted average of these three mea-
surements, thereby reducing the net statistical uncertainty.
The ratios of branching fractions that involve tBd me-  Because we employ in this calculation the world averages
son can be used with the world average values forBfie that have been determined assuming that f,, these re-
and B® meson branching fractions into the four other final sults depend implicitly on this assumption. Note that this
stateg13] to estimate the product of the ratio of fragmenta-estimate ofB(B* —J/K* ) is statistically independent of
tion fractions, fJ/(f,,fq), times the branching fraction the world average value for this branching fraction.
B(B2— J/iy¢). The world averag8™ andB® branching frac- Using this procedure, we obtain the branching fractions

1. The B? branching fraction
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B(B*—J/yK*)=(0.82+0.18+0.07x 1073, (28) ———————

B(B°—J/yK®) =(1.14+0.27+0.09 X103, (29 g T VVE RO
—A (8" = J/YK)/(B" = J/Y K"

B(B—J/yK**)=(1.73-0.55+0.19%x 103, (30)

—AM— (8" = J/YK?)/(B" > J/Y K)

B(B°—J/yK*%)=(1.39+0.32+0.1) x 10" 3.  (31) —- B = 3y e)/E = 3/yK)
—A- (8° = J/YK)/(B" = /¥ K™)

The statistica_l ar!d systematip uncerta_\inti_es ha_lve been esti- - (6 = 33 KB = 3/9 k)
mated by weighting the relative contributions in the world ) . .
average values and our data. The uncertainties in the world A B = o)/ 6= KD
average branching fractions used in this calculation are — (B> K)/E > K
dominated by the most recent measurements by the CLEO — = @ = 4/49)/E = I/ K)
Collaboration[5]. These uncertainties are limited by the size ma (6 = 3/% 0)/(E > J/y k)
of the CLEO sample, and are, therefore, largely statistical T
and independent. We have examined the stability of these 0 1 2 3 4
estimates to different assumptions concerning the indepen- Ratio of branching fractions

dence of the quoted systematic uncertainties. We find that
our results and their estimated uncertainties are insensitive to FIG. 5. Comparison of observed ratios of branching fractions
possible correlations in the systematic uncertainties in thésquareswith the theoretical predictioftriangles described in the
CLEO measurements. text. The error bars reflect the statistical and systematic uncertain-
ties of the observed ratios added in quadrature.

3. Comparison with theory
Ctg:\tion fractions ofb quarks produced iY'(4S) decays. We,
therefore, cannot employ the world average values for these
quantities in estimating,, f4, or f5. Instead, we will make

We have compared our measured ratios of branching fra
tions times fragmentation fractions with a calculation of the
two-body nonleptonic decay rates Bf mesons, using the o \ ; X .
factorization hypothesis, chiral and heavy quark symmetries?’peCIfIC assumptions concerning the_branchlng frac'qons.
and data from semileptonid meson decay$3]. We ad- Expressed in termso of fragn;n(t)antatlon and branching frac-
justed the predicted ratios by the world averdgeneson tions, the two ratiosRE+ and REH give the relations
lifetimes[13] to correct for the observed lifetime differences N .
of these three states. Although several recent theoretical cal- f_d: R<C B(B™—J/yK™) 32)
culations of these branching fractions exist, we have selected f, K B(BG—>J/1,//K°) '

Ref. [3] for this comparison as it predicts all the branching

fractions for the five decays studied here. The other model fg 0 B(BT—J/yK* ™)
calculations have been made with varying theoretical as- f—=RK*+ B(BY— 3/ gK*0) *
sumptions and observational constraints, but they generally u
predict ratios of branching fractions that are in reasonabl . . . .
agreement with each other and our observations. It should b nder t_he assumppon that the ratios of branchmg f(act|ons
noted that these calculations generally assume the validity a" the right-hand side of Eq32) and(33) are unity(which

factorization as applied to nonleptorBcmeson decays, but IS the result of most quark r_n_odel _predicti())ntshe weighted

they differ in many details, such as the magnitude and Shap%verage of these two quantities gives

of the form factors foB meson decay and the experimental

constraints employed in the calculations. In RES], the f_d:0 99+ 0.19+ 0.08 (34)

form factors are normalized ©© meson semileptonic decay fo T

data and are assumed to be consistent with simple pole domi-

nance. This assumption has been criticized recd@®23  This result is consistent with the hypothesis tbatjuarks

in the light of data on the observed polarization in the decayadronize equally often intB* andB® mesons.

B—J/yK*. The strange meson fragmentation fractiég is con-
The results of the comparisons are shown in Fig. 5. Irstrained by the ratios that involve ti final state, yielding

order to compare ratios involving? decays, we have as- the relationships

sumedf,=f, and takenf,=(0.40=0.06)f,. The predic-

(33

tions agree well with the observed ratios of branching frac- fs 4 B(BT—=J/yK*t)
tions for all the decay modes. f_u:RK*+ BB yd) (39
S
B. Ratios of meson fragmentation fractions o . B(BO—>J/1//K* o)

The b quark fragmentation fractions have not been mea- Tq  KxO BB —Jlyg) (36)
sured directly in a hadron collider environment. Our data
allow us to constrain the ratios of these fractions. However, f B(B*—JIyK™*)
we note that the measured branching fractions oBheand SRt —— "7 7 (37)

B® mesons have been determined assuming equal fragmen- fu KT BBy
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fq 6 B(B°—J/yKO) prediction, to estimate‘Ab. Assuming this value and the
E: KO B(BSG_>J/¢¢) ' (38 three most recent measurements\@fproduction inb quark
fragmentation, we find thaftAb=0.096t 0.017. Itis of inter-
If we assume quEW gmdBo decay rates to thd/ yK* final  est to note that the observed ratio of meson to baryon pro-
states, equa ™ andB" decay rates to thd/¢K final states  duyction[24] in minimum biaspp collisions at\/s=630 GeV,
andf,=fy, we obtain the ratios 6.4+1.1, yields a baryon production fraction of 0:1@.02.
This is consistent with the value determined frav semi-

fs —(0.24+0.07£0.02 B(B—J/yK*) (39) leptonic decays even though these two fractions are not nec-
(fy.fg) B(Bg— /)’ essarily expected to be equal.
Using the condition that the fragmentation fractions
fq B(B—J/yK) should sum to unity, assuming that the fraction of ch&m

(0.39+0.11+0.04 BB =l yd) (40) hadronsf.<1 and allb baryons decay via ? intermediate

fy.f
(fu. o) states, then

The probability of B2 meson production inferred from
these data depends on the ratios of branching fractions in
Egs.(39) and(40). We take for the ratios of these fractions
the values predicted i3] and correct for lifetime differ-
ences as discussed earlier. We find that

futfa+fotrfy =1, 43)

This can be rearranged to determine valued forf 4, andf
usinngb and our measured ratios of fragmentation fractions:

fs 1-1a,
=0.34+0.10=0.03. 41 =
(fu.fa) 1) fu 1+fg/f +1/f, (44
In phenomenological fragmentation models, the probabili- 1—f,
tiesf,, fq, andf, are related to the relative probabilities of f=——® (45)
A e - R T VT
producing auu, dd, andss quark pair in the quark fragmen- u/td™ls/td
tation proces$25]. Measurements of the relative probabili-
ties of strange meson to light meson productioeie™ and _ 1- fAb
hadron-hadron collisionsl 1] and in deep inelastic scattering fs= 1+ fg/ft+f, flfg (46)

have yielded values in the range of 0.3 to 0.4. A recent

compilation of these data has yielded a value of &@®15 We find that f,=0.39+0.04+0.04, f;=0.38+0.04+0.04,
for the relative rate of strange quark production to up orand f,=0.13+0.03+0.01. These values are all proportional
down quark productiofi24], which agrees well with our val- to the term (& fA,) and are, therefore, relatively insensitive

ues measured i quark fragmentation. Taken together, o our assumption concerning the) semileptonic branching
these measurements indicate that the ratesuppression  fraction and our assumption that @llbaryons decay tc J
in quark fragmentation is largely independent of energy anghtermediate states.

flavor of the quark initiating the fragmentation process.

VI. CONCLUSION
C. Fragmentation fractions of B hadrons

o We have measured the ratios of branching fractions times
The hadronization ob quarks produces botB mesons fragmentation fractions for the five decay modes

and baryons. MosB hadron decay models predict that vir- 5+ + + * n 0 0

tually all b baryons produced during the fragmentation pro-go:\ij/flz (’892)0 aadEgL¢J}7¢fzi?Lg)zé) BT = JI gk,

cess will decay subsequently via modes that includega We have used thesesmeasurementls with the assumption
baryon, and so we make that assumption here. A Measur@: it — and with f — (0.40+0.06)f 'to determine the
ment of the rate of\{ production inb quark fragmentation relati\ye b(:anching frasction.s o_f tHB rrllje,sons into the ob-

gives us a direct measure bf , the probability that a bot- ¢\ 01 final states. We have made the first measurement of a

tom quark will hadronize such that/eg baryon is produced. B9 pranching fraction to a final state with &y meson,
This, combined with our measurements of the ratios of fragyjelding

mentation fractions, allows us to make a determination of the

values off,, fy, andfs. B(B2—J/4¢)=(0.93+0.28+0.10+0.14 X 103,
Studies ofA ¢ production in semileptonib quark decays
[26—28 have yielded measurements of the product We also have used our data in conjunction with the current

_ world average branching fractions to find
fAbB(A8—>AC+I*v|X). (42

B(B*—J/yK*)=(0.82+0.18+0.07) X 10" 3,
The naive spectator quark model would predict that the in-
clusive A semileptonic branching fraction to a final state B(B°—J/ K% =(1.14+0.27+0.09 X 10 3,
with a charm hadrorX; is in the range of 0.10. Reference
[29] suggests a possible range of 0.10-0.13. We, therefore, B(BT—J/yK**)=(1.73-0.55+0.15 X 103,
have chosen to use the inclusive branching fraction
B(A J— X, “1,)=0.115, the central value of the theoretical B(B%—J/yK*%) =(1.39+0.32+0.11) X 10" 3,
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These data are consistent withB& branching fraction ap- production relative taiu anddd production inb quark frag-
proximately equal to those of thB* and B® decays into mentation similar to that measuredéfie” and deep inelas-
topologically similar final states. The observed branchingtic scattering experiments.
fractions are in good agreement with model calculations em- Note added in proofSubsequent to submission of this
ploying factorization, chiral symmetry, and heavy quarkarticle, measurements of these fractions have been reported
symmetries. in [30].

An analysis of the ratios of branching fractions supports
the widely held assumption that the probabilities of produc-

ing B* andB® mesons inb quark fragmentation are equal. ACKNOWLEDGMENTS
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