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Observation of B1
˜c„2S…K1 and B0

˜c„2S…K* „892…0 decays and measurements
of B-meson branching fractions intoJ/c and c„2S… final states
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We report the observations of the decaysB1→c(2S)K1 andB0→c(2S)K* (892)0 in pp̄ collisions at a
center-of-mass energy of 1.8 TeV using a 110 pb21 data sample recorded by the Collider Detector at Fermilab.
We also reconstruct the decaysB1→J/cK1 andB0→J/cK* (892)0 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 hadronicB-meson decays. We use the world-average branching frac-
tion B(B1→J/cK1) to derive B„B1→c(2S)K1

…5(0.5660.0860.10)31023, B„B0→c(2S)K* (892)0…
5(0.9260.2060.16)31023, and B„B0→J/cK* (892)0…5(1.7860.1460.29)31023, where the first and
second uncertainties are statistical and systematic, respectively.@S0556-2821~98!05117-0#

PACS number~s!: 13.25.Hw, 13.87.Fh, 14.40.Nd
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I. INTRODUCTION

Studies of the decays of bound states of bottom qua
and light antiquarks have proven to be one of the most
fective ways to explore the decay dynamics of heavy qu
07200
ks
f-
k

systems. The branching fractions~B! of the decays of the
two lowest-lying bound states, theB1 and B0 mesons, de-
pend on a blend of effects due to the weak and strong in
actions. The measurements of semileptonic decays ofB me-
sons, where a charged lepton and its corresponding neu
1-2
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are produced, have proven to be useful in the developme
theoretical models that relate the semileptonic branch
fractions to each other@1#. In a similar way, the measure
ments of the fully hadronic decays~modes where the
B-meson decay daughters are hadrons! have also been show
to provide tests of the theory of heavy quark decay@2,3#.

In this paper, we report the observations of the dec
B1→c(2S)K1 and B0→c(2S)K* (892)0 in pp̄ collisions
at a center-of-mass energy of 1.8 TeV. We also observe
decaysB1→J/cK1 and B0→J/cK* (892)0 and use our
data to measure the ratios of branching fractions of theB1

and B0 mesons to these four final states. We compare
measurements with theoretical branching-fraction ratio p
dictions. Throughout this paper, references to a specific
cay mode imply the charge conjugate mode as well.

As illustrated in the diagram in Fig. 1, all four of theJ/c
and c(2S) decay modes are color-suppressed Cabib
favored decays; they can only occur when theW boson’s
hadronic decay products, themselves a color singlet, com
with the charm antiquark from the flavor-changing decay a
the light spectator quark to form color-singlet charmoniu
and strange mesons, respectively. Strong interaction effe
however, are expected to modify the dynamics of these
cays. The most successful theoretical treatments of such
cays employ the factorization hypothesis, where the deca
the B meson is described by processes that take place
different time scales: short-distance hard-gluon excha
and the weak nonleptonic decay of theb quark, followed by
longer-distance strong interactions between the final-s
partons that produce the two daughter mesons. The d
amplitude is factorized into a product of hadronic curre
that reduces to the charmonium decay constant and the
trix element for theB→K hadronic current, which consist
of several form factors@1,2#. Measurements of the rates an
polarization of these decays confront the assumptions
underlie the factorization hypothesis inB-meson decays an
the calculations involving hadronic form factors.

Exclusive hadronic decays ofB mesons are difficult to
observe due to their relatively small branching fractio
~typically 1024 to 1022) and the small exclusive branchin
fractions of the subsequent charm daughter decays. H
ever, the large production cross section for bottom quark
pp̄ collisions~in the range of 2–3mb for quarks with trans-
verse momentumPT.6 GeV/c and rapidity uybu,1) has
made it possible to identify relatively large samples of s
cific decay modes@4#. The decay modes that involve a cha

FIG. 1. Diagram of the color-suppressed internal-W emission

mechanism for aB meson„here either ab̄u (B1) or b̄d (B0) state…
decaying to charmonium„J/c or c(2S)… and a strange meson„K1

or K* (892)0…. In this process, theu or d quark is assumed to be
‘‘spectator’’ of the weak interaction.
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monium daughter meson have proven to be most amen
to study, as the decay of the charmonium state involving t
energetic muons yields a distinctive signature that can
used to identify the candidate events. The Collider Detec
at Fermilab~CDF! Collaboration has published a number
measurements of the properties ofB mesons using fina
states involving aJ/c meson, including production cros
sections, masses, lifetimes, polarizations, and branching f
tions @4–8#.

The CDF Collaboration measured the branching fractio
of B1, B0, andBs

0 mesons using five different decay mode
all identified by requiring aJ/c→m1m2 decay@8#. We have
now completed a more extensive study, incorporating a f
tor of four more data and focusing on the final states ide
fied by the presence of a decay of the form

B→c~2S!K

�m1m2

�J/cp1p2

�m1m2, ~1!

whereB is a B1 @B0# meson andK is a K1 @K* (892)0#
meson. TheK* (892)0 meson is observed through its dec
to theK1p2 final state.

We first describe in Secs. II and III the experiment a
data-collection procedures used for this measurement
Sec. IV, we discuss the event selection procedure and pre
the observed rates of the variousB-meson decays. The nec
essary efficiency corrections to convert the observed de
rates to branching fractions are discussed in Sec. V where
also detail the systematic uncertainties associated with
measurement. We present our results in Sec. VI and offer
conclusions in Sec. VII.

II. EXPERIMENTAL APPROACH

In principle, the number of observed events for the dec
modeB1→c(2S)K1 can be decomposed into the form

Nobs„c~2S!K1
…52ELdt s~pp̄→b̄! f u

3B„B1→c~2S!K1
…ec~2S!K1

, ~2!

and similar forms can be written for the other decays. He
*Ldt is the time-integrated luminosity,s(pp̄→b̄) is the
bottom antiquark production cross section, andf u is the
probability that the fragmentation of a bottom antiquark w
result in aB1 meson. In a similar way, we definef d to be the
probability of a bottom antiquark to hadronize and form aB0

meson. We refer to these probabilities as fragmentation f
tions and include in these fractions contributions from d
cays of heavier bottom hadrons into final states containin
B1 or B0 meson. The expressionB„B1→c(2S)K1

… repre-
sents the branching fraction for thisB1-meson decay mode
andec(2S)K1

is the acceptance and efficiency of detecting
1-3
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c(2S)K1 final state. The factor of 2 accounts for the pos
bility of reconstruction ofB2 or B1 mesons in each event

The observation of a certain number ofB-meson decays
in a specific mode can be converted into a branching-frac
measurement using an expression similar to Eq.~2!. How-
ever, uncertainties in the bottom-quark production cross s
hi

he
he
ct

s
va
rly
w

d

e

-
-

is
s
in
Th
th

o
im

e
in
s
-
if
re
h
e

07200
-

n

c-

tion @4# can be avoided by measuring ratios of branch
fractions betweenB-meson decay modes, a procedure th
also results in the beneficial cancelation of several detec
and reconstruction efficiencies and their associated un
tainties. For example, a branching-fraction ratio involvi
only J/c charmonium mesons is measured as
B„B0→J/cK* ~892!0
…

B~B1→J/cK1!
5

Nobs„J/cK* ~892!0
…f ueJ/cK1

Nobs~J/cK1! f deJ/cK* ~892!0B„K* ~892!0→K1p2
…

, ~3!
reci-

nar
ap-
ce
as

the
c-

is

s
dy.
ibed

rst
the
94.

ring
sig-
os-
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tion
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sity
mi-

us

ing

ing
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whereNobs„J/cK* (892)0… andNobs(J/cK1) denote the ob-
served event yields andeJ/cK* (892)0 andeJ/cK1

represent the
detector acceptance and reconstruction efficiencies, w
have several common factors, such as theJ/c branching
fraction and reconstruction efficiency, that divide out of t
ratio. Ratios of branching fractions are also beneficial in t
oretical studies of these decays since several common fa
divide out of the amplitude expressions@9,10#.

These ratios of branching fractions can be used to e
mate absolute branching fractions using world-average
ues for the denominator of the ratios. This is particula
useful for those ratios that involve the most precisely kno
branching fraction,B(B1→J/cK1), in the denominator.
We use the world-average value ofB(B1→J/cK1) to esti-
mate the absolute branching fractions of the other three
cay modes.

III. DATA COLLECTION

A. The CDF detector

The Collider Detector at Fermilab is a multi-purpose d
tector designed to study 1.8 TeVpp̄ collisions produced by
the Fermilab Tevatron collider@11#. The detector has a co
ordinate system with thez axis along the proton beam direc
tion, the y axis pointing vertically upwards, and thex axis
pointing horizontally. The polar angleu is defined relative to
the z axis andf is the azimuthal angle. Pseudorapidity
defined ash[2 ln@tan(u/2)#. The CDF detector surround
the interaction region with three charged-particle track
detectors immersed in a 1.4 T solenoidal magnetic field.
tracking system is contained within a calorimeter system
measures the energy flow of charged and neutral particles
to uhu,4.2. Charged-particle detectors outside the calor
eter are used to identify muon candidates.

The innermost tracking device is a silicon microstrip d
tector~SVX! located in the region between 2.9 and 7.9 cm
radius from the beam axis. The SVX is surrounded by a
of time projection chambers~VTX ! that measure charged
particle trajectories to a radius of 22 cm. An 84 layer dr
chamber~CTC! measures the particle trajectories in the
gion between 30 and 132 cm in radius from the beam. T
tracking system has high efficiency for detecting charg
particles with momentum transverse to the beamPT
ch

-
ors

ti-
l-

n

e-

-

g
e

at
ut
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-

et

t
-
is
d

.0.35 GeV/c and uhu&1.1. Together, the CTC and SVX
measure charged-particle transverse momenta with a p
sion of sPT

.@(0.0066PT)21(0.0009PT
2)2#1/2 ~with PT in

units of GeV/c).
The muon detection system has four of its layers of pla

drift chambers separated from the interaction point by
proximately five interaction lengths of material. To redu
the probability of misidentifying penetrating hadrons
muon candidates in the central pseudorapidity regionuhu
,0.7, four more layers of chambers are located outside
magnet return yoke~corresponding to a further three intera
tion lengths of material atu590°). An additional set of
chambers is located in the pseudorapidity interval 0.7,uhu
,1.0 to extend the polar acceptance. The muon system
capable of detecting muons withPT*1.4 GeV/c in a pseu-
dorapidity intervaluhu,1.0. A three-level trigger system i
used to select candidate collisions for subsequent stu
These and other elements of the CDF detector are descr
in more detail elsewhere@11#.

B. The data set

The data were collected in two running periods, the fi
extending for nine months starting in August 1992, and
second extending for 18 months starting in January 19
Several modifications were made to the CDF detector du
the hiatus between these two running periods. The most
nificant of these were the replacement of the silicon micr
trip detector, the commissioning of a trigger system w
greater selectivity, and improvements to the data acquisi
system. The most notable difference in running conditio
resulted from a rise in the average instantaneous lumino
of the Tevatron accelerator. The mean instantaneous lu
nosities during the two periods were 3.531030 cm22 s21 and
8.031030 cm22 s21, respectively, and the peak instantaneo
luminosity exceeded 2.031031 cm22 s21. The time-
integrated luminosity of the data sample for the two runn
periods is;20 pb21 and;89 pb21, respectively.

Despite the differences in detector configuration dur
the two running periods, we were able to treat the two set
data as a single sample with a total time-integrated lumin
ity of ;109 pb21. This was achieved through the use
nearly identical event reconstruction techniques and con
1-4
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tent calibration procedures for data collected during the
running periods.

IV. EVENT SELECTION

A. The J/c and c„2S… trigger requirements

A common feature of the fourB-meson decay mode
studied here is the presence of am1m2 candidate consisten
with that arising from the decay of a charmonium@J/c or
c(2S)# state.

We used a three-level trigger system to identify collisio
producing two or more muon candidates. The first-level tr
ger required that two muon candidates be observed in
muon system. The first-level trigger track efficiency in t
muon system rose from;40% atPT51.5 GeV/c to ;93%
for muons with PT.3.0 GeV/c. The second-level trigge
required the detection of at least one charged track in
CTC using the central fast track processor~CFT! @12#, which
performed a partial reconstruction of all charged tracks w
a transverse momentum exceeding;2 GeV/c. The CFT
track was required to match within;8° in f of the muon
candidate. The CFT efficiency rose from;40% at a muon
PT;2 GeV/c to ;94% for PT*3 GeV/c. The third-level
trigger required that two reconstructed CTC tracks
matched with two tracks in the muon chambers and that
invariant mass of the dimuon pair be between 2.7 a
4.1 GeV/c2. The efficiency of the third-level trigger require
ment was (9762)% for J/c decays passing the first an
second-level triggers. Deviations from these nominal trig
efficiencies were observed to occur during data acquisi
and were taken into account in our study. There are
3106 dimuon candidate events that passed the third-le
trigger requirements.

Since the average energy deposition of a muon pas
through the calorimeter system into the muon chambers
1.4 GeV, we required that all muon candidates havePT
.1.4 GeV/c; however, more stringent criteria on thePT of
the muon candidates were imposed by the three-level trig
system, which effectively placed aPT threshold of approxi-
mately 2 GeV/c on each of the two muon candidates. T
momentum selection of muon candidates by the trigger
hanced the signal yield without introducing large systema
uncertainties, since the trigger efficiency was precisely m
sured.

In approximately 75% of our selected events, the t
muon candidates that were identified as charmonium dau
ters were also the muon candidates identified by the dim
trigger system. In many of the remaining events, an ad
tional muon candidate in the event satisfied the dimuon t
ger requirements. We included these ‘‘volunteers’’ in o
analysis in order to maximize the sensitivity of the da
sample.

B. Primary-vertex and charged-particle reconstruction

We first identified the location of thepp̄ interaction ver-
tex or vertices using the observed tracks reconstructed in
VTX detector. These tracks, when projected back to
beam axis, determined the longitudinal locations of these
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teractions. Due to the high instantaneous luminosities,
number of reconstructed interaction vertices in a given ev
follows a Poisson distribution with a mean of;2.5. We

chose as the longitudinal position of the primarypp̄ collision
vertex for the dimuon candidates the interaction vertex t
was closest to either one of the muon candidates’ interc
along the beamline. This provided a measurement of the
mary vertex position with an accuracy of 0.3 cm along t
beam direction.

The transverse position of the primary vertex was m
accurately determined by using the average beam pos
through the detector and the longitudinal primary vertex p
sition. The average trajectory was stable over the period

a givenpp̄ beam was stored in the Tevatron. The uncertai
in the transverse position of the primary vertex was dom
nated by the transverse size of the beam, which was 25mm
in both thex andy directions.

Candidatem1, K1, and p1 trajectories were recon
structed in the CTC and extrapolated into the SVX detec
to identify hits associated with the given track. We requir
each CTC track candidate to be of high quality by stipulat
that a candidate track have a minimum number of hits in
CTC. We also required that additional SVX information co
sist of at least two out of a possible four hits~for the earlier
of the two running periods, at least three hits were require!.
The CTC tracks were also required to pass through mos
the active volume of the CTC; this was imposed by dema
ing that the radius of exit from the CTC volume of th
charged-track trajectory be at least 110 cm. We also requ
that K1 andp1 candidates have a measured transverse
mentumPT.0.4 GeV/c in order that they be reconstructe
reliably.

C. Event topology reconstruction

We performed an event reconstruction using the mu
and charged-track candidates. The first step of this proce
was to reconstruct a candidate charmonium decay to
dimuon final state. The second step was to associate a
tional tracks with the charmonium candidate to form a ca
didateB-meson decay. During this process, we made vari
selection requirements, described below, to reduce the c
binatorial backgrounds and to improve the signal-to-no
ratio for the various decay modes.

1. Reconstruction of J/c and c„2S… decays

In order to reduce the rate of muon candidates from ba
ground sources such asK-meson decay-in-flight, we require
that each muon candidate observed in the muon cham
correspond to a CTC track candidate to within three stand
deviations of the multiple-scattering and measurement un
tainties in both the transverse and longitudinal planes.

Backgrounds in the dimuon sample were further redu
by performing a least squares fit of the CTC tracks associa
with the muon candidates under the constraint that t
originate from a common vertex. We required that the co
fidence level of this fit be greater than 0.01. The dimu
mass distributions for theJ/c and c(2S) candidates are
1-5
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FIG. 2. The dimuon mass distributions for the inclusiveJ/c andc(2S) candidate event samples are shown in~a! and~b!, respectively.
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shown in Fig. 2. We fit these distributions to parametriz
signal and background lineshapes to determine that
sample consists of (4.3960.01)3105 J/c decays and
(1.3160.04)3104 c(2S) decays, where we quote only th
statistical uncertainties. Candidate dimuon events were
with the additional constraint that the two-muon mass eq
the world-average masses@13# of the J/c and c(2S) me-
sons, 3.09688 and 3.68600 GeV/c2, respectively. We re-
quired that the confidence level of this fit exceed 0.01. T
requirement defined our inclusiveJ/c andc(2S) data sets.

Candidates for the decayc(2S)→J/cp1p2 were iden-
tified by combining everyJ/c candidate identified abov
with pairs of oppositely-charged track candidates that in
vidually had to havePT.0.4 GeV/c. The two-particle mass
of the two pion candidates was required to satisfy 0
,M (p1p2),0.61 GeV/c2. The lower limit of this mass
range was motivated by the known dipion mass distribut
for c(2S) decays@14–17#. The upper limit corresponded t
the maximum dipion mass allowed forc(2S) decays. The
efficiency of this criterion to selectc(2S) decays is demon
strated in Fig. 3, where we plot the two-pion mass for o
servedc(2S)→J/cp1p2 decays. The background to th
c(2S) decays in this distribution has been removed by p
forming a sideband subtraction using background event
theJ/cp1p2 mass distribution. Also shown are curves re
resenting a phenomenological prediction@17# and a pure
phase-space calculation.

To reduce combinatorial backgrounds in theJ/cp1p2

candidate search further, an additional least-squares fit
performed constraining all four tracks to emanate from
common point, the dimuon mass to be equal to the wo
averageJ/c mass, and theJ/cp1p2 mass to be equal to th
world-averagec(2S) mass. We required that the confiden
level for this fit exceed 0.01. TheJ/cp1p2 mass distribu-
tion for all the candidates prior to imposing thec(2S) mass
constraint is shown in Fig. 4 and illustrates a narrowc(2S)
signal of (3.760.1)3103 events above the combinatori
background.
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Our subsequent reconstruction identifiedK1 andp1 me-
son candidates that were consistent with arising from one
the fourB-meson decay modes we considered in this stu

2. Reconstruction of B-meson exclusive decays

The reconstruction of theB-meson decay modes require
the use of selection criteria that reduced the potentially la
combinatorial background. The most effective way of redu
ing these backgrounds was to impose minimumPT require-
ments on the candidate strange-meson daughters,PT require-
ments on theB-meson candidates, and requirements that
decay topology be consistent with that expected from
B-meson decay. Explicit particle identification ofK1 and
p1 mesons was not employed in this analysis.

FIG. 3. The observed background-subtracted distribution of
dipion mass~points! in decays of the formc(2S)→J/cp1p2.
The arrow indicates the minimum mass required in the analy
The solid curve represents a phenomenological prediction du
Phamet al. @17# and the broken curve describes a pure phase-sp
distribution.
1-6
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These additional requirements imposed on the candid
were also selected to be as common as possible over the
B-meson decay channels and both decay modes of
c(2S) meson to avoid significant systematic uncertaint
arising from the estimation ofB-meson yields across differ
ent kinematic regions. The kinematic selection criteria w
optimized by maximizing the quantityNs /ANs1Nb, where
Ns was the predicted number of signal events based
Monte Carlo calculations andNb was the number of ob
served background events in theB-meson mass signal regio
estimated by performing extrapolations from the sideba
regions. This technique avoided the potential bias that co
be introduced by choosing selection criteria based on
number of observed candidate signal events.

We required that eachK1 candidate have PT
.1.5 GeV/c for the reconstruction ofB1 candidates. For
the reconstruction ofB0 candidates, we required that th
K* (892)0 candidate havePT.2.0 GeV/c. In the latter case
the K1 and p2 daughters from theK* (892)0 decay were
required to havePT.0.4 GeV/c. In the K* (892)0 recon-
struction, all possible charged-particle candidate pairs w
considered with both mass assignments. A track-pair m
assignment was considered a candidateK* (892)0 decay if
the two-particle mass was within 0.0800 GeV/c2 of the
world-averageK* (892)0 mass of 0.8961 GeV/c2. For a
small fraction of the track-pair candidates, it was possi
that both theK1p2 andp1K2 mass assignments fell withi
this mass window around theK* (892)0 pole, resulting in
double counting of signal events. This double counting w
taken into account using a Monte Carlo calculation descri
below.

To identify B-meson candidates, a least-squares fit w
performed on the charged-particle tracks associated with
charmonium and strange-meson candidates, constrai
them to originate from a common decay point with t
charmonium-candidate mass constraints described abov
addition, this fit constrained the momentum vector of t
B-meson candidate to be parallel to its flight path, defined
the measured production and decay points, in the transv

FIG. 4. TheJ/cp1p2 mass distribution for thec(2S) candi-
dates.
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plane and required that theB candidate originate from the
primary interaction vertex. We required the confidence le
of this fit to exceed 0.01. We also required that the transve
momentum of theB1 candidates be greater than 6.0 GeVc
and the transverse momentum of theB0 candidates be
greater than 9.0 GeV/c. These differentB-mesonPT selec-
tion criteria constitute the largest difference in the kinema
requirements between decay modes involvingB1 and B0

final states and are a result of the different levels of com
natorial background in thec(2S) final states.

Two additional criteria were imposed to reduce combin
torial backgrounds further. In the fragmentation ofb quarks
into B mesons, the meson typically carries most of the
ergy of the quark created in the hard scattering interac
@18#. We exploit this fact to suppress backgrounds by de
ing an isolation variable

I B[

(
i
PW i•PW B

uPW Bu2
, ~4!

where the sum is over charged particles with moment
vectorsPW i , contained within a cone inh-f space of radius
R[A(Df)21(Dh)251.0 about an axis defined by the d
rection of theB-candidate momentumPW B . Track candidates
belonging to theB-meson candidate were not included in th
sum. In order to avoid including charged particles that
sulted from interactions in thepp̄ collision not associated
with the B-meson candidate, we made the sum over o
those charged-particle tracks that passed within 5 cm al
the z axis of the primary interaction location. We expe
B-meson decays to have relatively small values ofI B , and
therefore imposed the requirementI B,0.54, which resulted
from the optimization procedure. We show in Fig. 5 the d
tribution of I B for B1→J/cK1 candidate decays, after sta
tistically subtracting the combinatorial background under

FIG. 5. The distribution of the isolation variableI B for candidate
B1→J/cK1 decays. A background subtraction has been p
formed using the sidebands in theJ/cK1 mass distribution. The
arrow represents the cut below which candidates were accepte
1-7
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FIG. 6. TheJ/cK1 mass distribution is shown in~a!. The c(2S)K1 mass distributions for the two modesc(2S)→m1m2 and
c(2S)→J/cp1p2 are shown in~b! and ~c!, respectively. The curves are the results of a fit described in the text.
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B1 decay signal using background events in theJ/cK1

mass-sideband regions. This illustrates that theB-meson de-
cays are efficiently identified by this requirement.

As a final B-meson selection requirement, we exploit
the relatively long lifetimes ofB mesons and the excellen
secondary vertex resolution of the CDF detector to re
those events that have short decay lengths@6#. We measured
the proper decay length for each decay candidate,

ctB[
PW T•xWT

PT
2 mB , ~5!

wheremB is the mass of theB-meson candidate,xWT is the
flight path measured in the transverse plane, andPW T is the
B-meson vector transverse momentum. ThectB resolution
depended primarily on the number of track candidates p
sessing SVX hit information. We required thatctB
.100 mm.

D. B-meson signals

The candidate mass distributions for theB1→J/cK1

and B1→c(2S)K1 decays are shown in Fig. 6. Th
mass distributions for theB0→J/cK* (892)0 and B0

→c(2S)K* (892)0 decays are shown in Fig. 7. We see s
07200
t
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nal peaks at theB1 andB0 masses in all six decay mode
The distributions describing thec(2S) final states constitute

the first observations of these modes inpp̄ collisions. To
obtain the yield ofB1 candidates, each distribution was fit
a Gaussian signal lineshape with a linear background par
etrization using a binned maximum likelihood techniqu
The fits were performed over theB-meson candidate mas
region from 5.15 GeV/c2 to 5.60 GeV/c2. The lower edge of
this range was chosen to avoid possible biases from inc
pletely reconstructedB-meson decay modes where one
more decay daughters went undetected.

For theB0 candidates, a single Gaussian lineshape did
accurately describe the signal due to ambiguities in
K* (892)0 daughter (K1 andp2 mesons! mass assignment
in approximately 25% of the signal events. To correct
this effect, we used a Monte Carlo calculation to determ
the lineshape for the correct and incorrect mass assignm
and found that each of these was accurately described w
Gaussian parametrization centered on the nominalB0 mass.
The width of the mass distribution arising from the wron
mass assignment was 4–6 times broader than the widt
the mass distribution associated with the right mass ass
ment, although the parametrization differed for the three d
ferentB0 decay modes. We list the ratio of the peak amp
tudes of the wrong versus right mass combinations and
1-8



OBSERVATION OFB1→c(2S)K1 AND . . . PHYSICAL REVIEW D 58 072001
FIG. 7. The J/cK* (892)0 mass distribution is shown in~a!. The c(2S)K* (892)0 mass distributions for the two modesc(2S)
→m1m2 andc(2S)→J/cp1p2 are shown in~b! and ~c!, respectively. The curves are the results of a fit described in the text.
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ratio of the widths of these two Gaussians in Table I. T
signal yields, masses, and resolutions of theB1 andB0 can-
didates are summarized in Table II.

V. ACCEPTANCE AND EFFICIENCY MEASUREMENTS

We used a Monte Carlo calculation ofb-quark production
andB-meson decay, followed by a detailed detector simu
tion to study and measure the kinematic and geometric
ceptances for each decay mode. We used data to estima
remaining efficiencies associated with the reconstruction
gorithms and the event selection criteria.

An advantage of measuring ratios of branching fractio
for similar decay modes is that many of the acceptances
efficiencies cancel in the numerator and denominator; h
ever, there are several effects that do not cancel comple
and have associated with them systematic uncertainties
differ depending on which channels are being compared.
amples of these include the effect of the decay-length
quirement and the polarization of theB-meson decay to
vector-vector final states. We have taken these into acc
and arrived at separate estimates of systematic uncertai
for each of the six ratios that were measured.

A. Acceptance and trigger efficiency measurements

The Monte Carlo calculation used a model forb-quark
production based on a next-to-leading-order QCD calcu
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tion @19#. This calculation employed the Martin-Robert
Stirling set D0~MRSD0! parton distribution functions@20#
to model the kinematics of the initial-state partons; a va
for the b-quark mass ofmb54.75 GeV/c2; and a renormal-
ization scale ofm5m0[Amb

21kT
2, wherekT is the momen-

tum of theb quark in the plane transverse to the directions
the incoming protons. We generatedb quarks in the rapidity
interval uybu,1.1 and withkT.5.0 GeV/c. These generato
limits were chosen so that there were no biases in
B-meson kinematic distributions after the application of t
kinematic cuts used in this analysis. Theb quarks were frag-
mented intoB mesons according to the Peterson fragmen
tion function@18# with the parametereb defined to be 0.006
@21#.

The generatedB mesons were decayed into the vario
final states using two-body decay kinematics governed

TABLE I. The ratios of the peak amplitudes and widths of t
Gaussian parametrizations describing the wrong to rightK-p mass
assignments in theK* (892)0 reconstruction.

B-meson decay cc̄ mode
Amplitude

ratio
Width
ratio

B0→J/cK* (892)0 J/c→m1m2 0.068 3.6
B0→c(2S)K* (892)0 c(2S)→m1m2 0.046 5.8
B0→c(2S)K* (892)0 c(2S)→J/cp1p2 0.043 6.3
1-9
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TABLE II. The numbers of observed signal events, the fitted masses, and the signal widths for t
different B-decay reconstructions. The listed uncertainties are statistical only.

B-meson decay cc̄ mode Event yield Mass@MeV/c2# Width @MeV/c2#

B1→J/cK1 J/c→m1m2 856.7638.3 527861 14.660.6
B1→c(2S)K1 c(2S)→m1m2 71.9613.4 528163 13.162.2
B1→c(2S)K1 c(2S)→J/cp1p2 37.46 7.4 527962 11.062.0
B0→J/cK* (892)0 J/c→m1m2 378.8624.8 528061 13.961.1
B0→c(2S)K* (892)0 c(2S)→m1m2 20.96 7.3 527563 8.262.4
B0→c(2S)K* (892)0 c(2S)→J/cp1p2 29.16 7.5 528564 11.963.3
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the world-average masses and lifetimes of the daughter
ticles @13#. For thec(2S)→J/cp1p2 mode, the decay ma
trix element used was the Phamet al. model @17,22#, a pa-
rametrization of which is shown in Fig. 3.

For theJ/cK* (892)0 andc(2S)K* (892)0 decays, which
involve two vector mesons in the final state, we used
world-average longitudinal polarization for th
J/cK* (892)0 decay,GL /G50.7860.07 @3#. The polariza-
tion has not been measured inB0→c(2S)K* (892)0 decays;
therefore, we use the value ofGL /G for the B0

→J/cK* (892)0 decay but double the uncertainty to60.14.
The resulting generated events were passed through a

tailed simulation of the CDF detector that took into accou
decays-in-flight, the geometry of all the subdetector e
ments, the interaction of the charged particles with the m
terial in the detector, the resolution of the different tracki
elements, and the efficiency of the trigger.

We used a parametrization of the muon-PT dependence o
our first and second-level trigger system to determine
trigger efficiency for the variousB-meson decays in which
the muons that resulted from the charmonium decay w
also identified by the trigger’s dimuon selection criteria.
the remaining events, which corresponded to approxima
25% of the selected event sample, an additional muon c
didate in the event often satisfied the dimuon trigger requ
ments. This led to a;5% uncertainty in the topology de
pendence of the relative trigger efficiency. We included t
as a separate systematic uncertainty in our branching-frac
measurements.

The resulting geometric acceptances for the different
cay modes are presented in Table III, where we list the fr
tion of decays expected to contribute to the observed sig
peak.

B. Reconstruction efficiencies

The efficiencies of the subdetectors and reconstruction
gorithms used in this analysis to identify charged-parti
candidates and reject backgrounds were separately estim
using information from the collected data together w
Monte Carlo calculations. The use of data that properly r
resented the running conditions experienced at the Teva
Collider was particularly important in cases where these
ficiencies were expected to depend on the instantaneou
minosity.
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1. Track reconstruction efficiency

Because of the different number of charged particles u
in the reconstruction of each of the exclusive decay mode
this analysis, we had to estimate the efficiency of the tra
reconstruction algorithms when reconstructing three, fo
five, or six-prong decays. The large number of charged p
ticles associated with an interaction producing aB meson
~typically ;40 charged particles in the fiducial region of th
CTC! and the large number of simultaneous interactions c
ated very high hit occupancies in the innermost layers of
CTC, reducing their effectiveness.

We measured the efficiency of the CTC track-finding
gorithm by embedding the wire hits from one or two Mon
Carlo charged-particle tracks into a set of data events id
tified as having aJ/c candidate. This event sample was s
lected to be representative of the inclusiveJ/c and c(2S)
data set, taking into account variations in detector configu
tion and instantaneous luminosity. Our embedding proced
used the hit detection efficiencies and resolutions observe
the data to simulate the response of the CTC. We then u
the standard track reconstruction algorithms to seek a re
structed track helix that formed a match with the embedd
particle’s trajectory. The track matching criterion was im
posed on ax2 variable with five degrees of freedom th
accounted for parameter correlations and measurement
certainties by employing in its definition the covariance m
trix of the reconstructed track helix. For an embedded Mo
Carlo track in a data event,x2 values were computed for a
of the reconstructed tracks in the event. A track was deem
to be a match if it had the lowestx2 of all tracks in the event

TABLE III. A summary of the absolute products of the geome
ric and kinematic acceptances, calculated for each decay mod
B mesons produced withkT.5.0 GeV/c anduybu,1.1. The uncer-
tainties given are due to Monte Carlo statistics alone.

B-meson decay cc̄ mode Acceptance (31023)

B1→J/cK1 J/c→m1m2 19.260.3
B1→c(2S)K1 c(2S)→m1m2 21.860.3
B1→c(2S)K1 c(2S)→J/cp1p2 6.360.2
B0→J/cK* (892)0 J/c→m1m2 7.860.2
B0→c(2S)K* (892)0 c(2S)→m1m2 8.360.2
B0→c(2S)K* (892)0 c(2S)→J/cp1p2 3.960.1
1-10
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FIG. 8. The track reconstruction efficiency forp1 mesons andp2 mesons as a function of the mesonPT is shown in~a! and ~b!,
respectively. The dipion track reconstruction efficiency as a function of the lower momentum of the two pions is shown in~c!.
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and if this x2 value was,500, a highly efficient require-
ment.

We measured the efficiency for reconstructing ap6 me-
son as a function of the meson’sPT , shown in Fig. 8, and as
a function of several other variables@23#. We found the av-
erage efficiency forp6 mesons to be 0.92860.00360.026
for mesonPT.0.4 GeV/c, where the quoted uncertaintie
are statistical and systematic, respectively. Because of
use of the decay modec(2S)→J/cp1p2, which intro-
duced two additional charged tracks, we also repeated
procedure by embedding pairs of charged tracks in each
event. We found the efficiency for reconstructing the tw
daughter pion tracks in the decayc(2S)→J/cp1p2 to be
0.88160.00560.043. The systematic uncertainties in the
two measurements are largely correlated because they
dominated by the uncertainty in the CTC hit efficiencies us
in the track embedding procedure. Since the square of
single-track efficiency is substantially smaller than the tw
track reconstruction efficiency, we concluded that the tra
finding efficiencies of several charged particles in a sin
event were correlated, an effect that was taken into acco
in our subsequent efficiency calculations.

2. Requirements on the fits to decay topologies

We measured the efficiencies of the constrained
confidence-level criteria for the different decay topolog
using the observedJ/c andc(2S) signal yields before and
after making the confidence-level requirements discusse
Sec. IV C. These comparisons resulted in efficiencies for
constrained fits to theJ/c→m1m2 and the c(2S)
→m1m2 decay hypotheses that were equal within uncerta
ties. The efficiency for satisfying the confidence-level
quirement on the fit employing a vertex constraint w
0.96760.003 and the efficiency for the fit employing th
additional charmonium mass constraint was 0.96360.002.
Since these efficiencies do not depend on the charmon
parent, they cancel in the measurement of the ratios
branching fractions. The uncertainty in these measurem
arises from the finite statistics of the two charmoniu
samples.
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The third charmonium topology,c(2S)→J/cp1p2, in-
cludes two low-momentum charged pions in the decay v
tex in addition to the muons. We measured the extra ine
ciency caused by the vertex-constrained fit to this decay
measuring the loss ofc(2S) signal events when making th
confidence-level requirement. This resulted in a correct
factor of 0.83460.039 for the efficiency of the requiremen
on the vertex fit alone and a factor of 0.94560.031 corre-
sponding to the additional mass-constrained fit requirem

3. Decay-length requirement

The efficiencies of theB-meson decay-length requireme
on the different decay modes discussed in Sec. IV C w
measured by modeling the decay-length resolution, wh
was determined by the number of tracks reconstructed in
SVX detector, and using the world-average lifetimes for t
B1 and B0 mesons@13#. We determined the decay-lengt
resolutions for events with different numbers of SVX trac
using B-meson candidate events outside of the signal m
region. We then used the Monte Carlo calculation and de
tor simulation to estimate the expected frequencies of ev
with different numbers of SVX tracks. These were then co
volved together with the expected exponential decay-len
distributions for eachB-meson species to obtain a predictio
for the observed decay-length distributions.

The efficiencies of the decay-length requirement w
;0.75 and varied only slightly between decay modes. T
uncertainties in these efficiencies were dominated by un
tainties in the world-averageB-meson lifetimes@13# and in
the number of candidate daughter tracks with SVX hit info
mation.

4. Isolation requirement

TheB-meson isolation criterionI B discussed in Sec. IV C
rejected combinatorial background. The efficiency of this
lection requirement is 0.92860.054, which we measured b
estimating the loss ofB-meson decays when applying th
criterion for each decay mode. We note, for example, that
improve the signal-to-noise ratio in theJ/cK1 channel by a
factor of three when applying this criterion.
1-11
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TABLE IV. A summary of the geometric and kinematic acceptance ratios with associated syste
uncertainties, combined in quadrature, from the following sources: Monte Carlo statistics, the gen
B-mesonPT spectrum, trigger effects, helicity effects, and the CDF detector simulation uncertainty.
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We assume that the isolation criterion is independen
the final-state topology. We do not expect this isolation
quirement to depend on the specificB-meson final state
since it was defined using only theB-meson momentum an
the momentum of the charged particles produced in the
duction and fragmentation of theb quark. We verified this by
measuring the efficiencies independently in each chan
but the statistical power of this check is limited.

C. Relative acceptance and efficiency corrections

For the purpose of determining relative branching fra
tions, the geometric and kinematic acceptance results li
in Table III were combined into twelve acceptance rat
involving the six reconstructed channels. Table IV provide
summary of these relative acceptances and their system
uncertainties. The uncertainties include contributions fr
the following sources: finite Monte Carlo statistics, var
tions in the Monte CarloPT spectrum with changes in th
renormalization scale andb-quark mass, modeling effects i
the simulation of the second-level trigger, variations in t
assumed longitudinal polarization fractions for the dec
with vector-vector final states, and the uncertainty in
CDF detector simulation.

Table V is similarly structured to present the ratios of t
products of the remaining efficiencies described in Sec. V
namely those associated with track reconstruction,
constrained-fit confidence-level criteria, and the pro
decay-length requirement.

VI. RESULTS

We present our results as six ratios of acceptan
corrected rates ofB-meson decays into the four channels.
ratios involving c(2S) mesons, the results for the tw
c(2S) decay modes were combined, taking into account
c(2S) branching fractions. The observed numbers of sig
events for each decay, listed in Table II, were divided by
acceptance and reconstruction efficiencies listed in Table
and V, respectively. The event rates were also corrected
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the daughter-meson branching fractions listed in Table
Additional systematic uncertainties of 4% and 2% were
plied to the branching-fraction ratio calculations to accou
for uncertainties in the fitting technique used to estim
event yields and the lack of cancelation of the efficiencies
the B-candidate constrained-fit criteria, respectively. Wh
we form the ratios of acceptance-corrected event rates,
b-quark production cross section, time-integrated luminos
and common efficiencies divide out of the calculations. F
both theB1 andB0-meson cases, we verified that the eve
rates for the two differentc(2S) decay modes were consis
tent after taking into account the differences in accepta
and reconstruction efficiencies.

The measured quantities are the ratios of the produc
b-quark fragmentation fractions and theB-meson branching
fractions into the specific final state. Thus, our measurem
can be written as shown in Table VII, where the first unc
tainty is statistical and the second uncertainty is the sum
quadrature of uncertainties in acceptance, efficiency, and
charmonium daughter branching fractions. This convent
will be employed below unless otherwise noted. The ratio
Table VII involving exclusively theJ/c decay mode has
been measured previously with a subset of these data@8#.
The present measurement supersedes it.

The results show that the rates ofB-meson decays to the
two c(2S) final states are approximately 50% of the rates
the analogous decays to theJ/c final states. In addition, we
note that the relative rates of vector-vector decays to vec
pseudoscalar decays for thec(2S) and J/c modes are the
same to within relatively large statistical uncertainties. If w
make the assumption@8,13# of equal fragmentation fractions
f u5 f d , the vector-vector to vector-pseudoscalar decay r
for the J/c final states,

B„B0→J/cK* ~892!0
…

B~B1→J/cK1!
51.7660.1460.15, ~6!

is now the most precise single measurement of this quan
and provides a constraint on theoretical calculations that
1-12
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TABLE V. A summary of the efficiency-product ratios and their associated systematic uncertainties
the following sources: track reconstruction efficiencies, confidence-level criteria efficiencies, and d
length requirement efficiencies.
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tempt to describe both this branching-fraction ratio and
longitudinal polarization of the vector-vector decay@7,9,10#.
The analogous result forc(2S) final states may be similarly
obtained from Table VII.

A. Comparison with phenomenological models

We have compared the results of our measurement
two phenomenological predictions for these ratios based
the factorization hypothesis@1,2#. In this class of models, the
ratios of branching fractions ofJ/c andc(2S) decay modes
depend largely on the strong interaction effects in the fi
state of each decay, which are modeled by sets of form
tors specific to each decay. We have chosen two spe
models@24,25#, as predictions for the branching fractions f
c(2S) andJ/c decays have been made using them.

The calculation by Neubertet al. @24# employs a set of
form factors determined using a relativistic harmonic os
lator potential model for the meson wave functions and
dipoleq2 dependence for most of the form factors, whereq2

is the square of the four-momentum exchanged between
B meson and the daughterK meson.@The generic multipole
form-factor formula isF(q2)5F(0)/(12q2/m2)n, wherem
is the pole mass andn51 or 2 for a monopole or dipole
dependence, respectively.# The calculation by Deandre
et al. @25# determines the form factors empirically by extrac

TABLE VI. Branching fractions of the daughter-meson dec
modes reconstructed in the present analysis. The world-ave
branching fractions were used for the charmonium mesons@13#.
Note that the branching fraction for thec(2S)→m1m2 decay as-
sumes lepton universality. TheK* (892)0 branching fraction is
based on isospin symmetry.

Decay mode Branching fraction

J/c→m1m2 (6.0160.19)31022

c(2S)→m1m2 (8.560.7)31023

c(2S)→J/cp1p2 (3.0760.19)31021

K* (892)0→K1p2 2/3
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ing them from semileptonicD-meson decays and assumin
that they have a monopoleq2 dependence.

The measured ratios of branching fractions are compa
with these two theoretical calculations in Fig. 9, where
have assumedf u5 f d . Both models are in agreement wit
the data. However, the results of Neubertet al. are favored
overall by the data, whereas the calculation of Deand
et al. predicts a lower branching fraction for theB1

→c(2S)K1 decay.

B. Absolute branching fractions

We can use the world-average branching fraction@13#

B~B1→J/cK1!5~1.0160.14!31023 ~7!

and the assumptionf u5 f d to convert our measurements o
branching-fraction ratios into absolute branching-fracti

ge

TABLE VII. The measured ratios of branching fractions tim
fragmentation fractions for the four decay modes. The system
uncertainties have been calculated taking into account cancella
and correlations in uncertainties.

Quantity Measured ratio

fd

fu

B„B0→J/cK* ~8920
…

B~B1→J/cK1!

1.7660.1460.15

B„B1→c~2S!K1
…

B~B1→J/cK1!

0.55860.08260.056

fd

fu

B„B0→c~2S!K* ~892!0
…

B~B1→J/cK1!

0.90860.19460.100

fu

fd

B„B1→c~2S!K1
…

B~B0→J/cK* ~892!0!

0.31760.04960.036

B„B0→c~2S!K* ~892!0
…

B~B0→J/cK* ~892!0!

0.51560.11360.052

fd

fu

B„B0→c~2S!K* ~892!0
…

B~B1→c~2S!K1!

1.6260.4160.19
1-13
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measurements for the three other decay modes. There a
correlations between our data and the world-average valu
Eq. ~7!, making the determination of the resulting uncerta
ties straightforward. We note that the world-average valu
based on the assumption of equalf u and f d fragmentation
fractions ofb quarks produced in the decay of theY(4S)
meson.

The derived branching fractions are therefore

B„B1→c~2S!K1
…5~0.5660.0860.10!31023 ~8!

B„B0→c~2S!K* ~892!0
…5~0.9260.2060.16!31023

~9!

B„B0→J/cK* ~892!0
…5~1.7860.1460.29!31023.

~10!

The first and second uncertainties are statistical and sys
atic, respectively.

The branching fractions for thec(2S) decay modes are
compared with previous measurements by the ARGUS@26#,
CLEO @27#, and CLEO II@28# Collaborations in Fig. 10. The
CDF results are in agreement with these previous meas
ments and have uncertainties that are approximately t
times smaller. They represent a significant improvemen
the knowledge ofB-meson decays toc(2S) final states. The
J/cK* (892)0 branching fraction is also in good agreeme
with the world-average value@13# and a recent measureme
published by the CLEO II Collaboration@29#.

VII. CONCLUSION

We have made measurements of the rates of the exclu
decays

FIG. 9. Comparison of the measured branching-fraction ra
~filled circles! with theoretical predictions by Neubertet al. @24#
~triangles! and Deandreaet al. @25# ~diamonds!. The error bars on
the measured values represent the statistical and systematic u
tainties added in quadrature. In ratios involvingB1 andB0 mesons,
f u5 f d has been assumed.
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B1→c~2S!K1

B0→c~2S!K* ~892!0

B1→J/cK1

B0→J/cK* ~892!0. ~11!

Using the observed event rates, correcting for the rela
efficiencies for these decay modes, and assuming equal
mentation probabilities forB1 andB0 mesons, we measur
the following ratios of branching fractions:

B„B0→J/cK* ~892!0
…

B~B1→J/cK1!
51.7660.1460.15

B„B1→c~2S!K1
…

B~B1→J/cK1!
50.55860.08260.056

B„B0→c~2S!K* ~892!0
…

B~B1→J/cK1!
50.90860.19460.100

B„B1→c~2S!K1
…

B„B0→J/cK* ~892!0
…

50.31760.04960.036

B„B0→c~2S!K* ~892!0
…

B„B0→J/cK* ~892!0
…

50.51560.11360.052

B„B0→c~2S!K* ~892!0
…

B„B1→c~2S!K1
…

51.6260.4160.19. ~12!

s

cer-

FIG. 10. A comparison of the derived CDFB„B1

→c(2S)K1
… and B„B0→c(2S)K* (892)0… absolute branching

fractions with measurements and limits from the ARGUS@26#,
CLEO @27#, and CLEO II @28# experiments. The hatched bars d
note 90% confidence-level~C.L.! upper limits and the error bar
represent the statistical, systematic, and branching-fraction un
tainties added in quadrature.
1-14



gic
lc
rv

g

nt

ary

the
to
art-
tu-

ada;
s-
nal
an
the

-

OBSERVATION OFB1→c(2S)K1 AND . . . PHYSICAL REVIEW D 58 072001
These ratios have been compared to two phenomenolo
calculations that use the factorization hypothesis. The ca
lations reproduce the overall features of the trends obse
in the data.

We have also used the world-average@13# branching frac-
tion B(B1→J/cK1) to determine the absolute branchin
fractions

B„B1→c~2S!K1
…5~0.5660.0860.10!31023

B„B0→c~2S!K* ~892!0
…5~0.9260.2060.16!31023

B„B0→J/cK* ~892!0
…5~1.7860.1460.29!31023.

~13!

These measurements represent a significant improveme
the knowledge ofB-meson decay rates intoc(2S) final
v.

tt.
.

.

ric

on
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states and contribute to an effective test of contempor
B-meson decay models.
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