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We report on a measurement of the branching fraction of the Cabibbo-suppressed decayB1
u !

Jycp1, where Jyc ! m1m2. The data were collected by the Collider Detector at Fermilab
during 1992–1995 and correspond to an integrated luminosity of110 pb21 in p̄p collisions atp

s ­ 1.8 TeV. A signal of28110
29 events is observed and we determine the ratio of branching fractions

BsB1
u ! Jycp1dyBsB1

u ! JycK1d to bef5.011.9
21.7sstatd 6 0.1ssystdg%. Using the world average value

for BsB1
u ! JycK1d, we calculate the branching fractionBsB1

u ! Jycp1d to be s5.012.1
21.9d 3 1025.

We also search for the decayB1
c ! Jycp1 and report a95% confidence level limit onssB1

c dBsB1
c !

Jycp1dyssB1
u dBsB1

u ! JycK1d as a function of theB1
c lifetime. [S0031-9007(96)01920-5]

PACS numbers: 13.25.Hw, 14.40.Nd
b
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we
This Letter reports on the reconstruction of the Cabib
suppressed decayB1

u ! Jycp1 [1] and the measuremen
of the ratio of branching fractionsBsB1

u ! Jycp1dy
BsB1

u ! JycK1d. The Cabibbo-suppressed mode, wh
o-

h

has been previously reported by the CLEO Collaborat
[2], provides a valuable test of the factorization hypoth
sis [3], which is widely used in theoretical consideratio
of B meson decays. According to this hypothesis
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expectBsB1
u ! Jycp1dyBsB1

u ! JycK1d to be about
5%. This decay mode may showCP violating effects at
the few percent level because the suppression of the do
nant spectator amplitude enhances interference with n
leptonic penguin amplitudes [4]. We also search for t
unobserved charmed bottom mesonB1

c decaying to the
same final state. A95% confidence level limit for the ratio
of cross sections times branching fractionsssB1

c dBsB1
c !

Jycp1dyssB1
u dBsB1

u ! JycK1d is reported as a func-
tion of the assumedB1

c lifetime. By forming these ratios
we minimize several systematic uncertainties, the larg
of which are associated with theb-quark production cross
section and transverse momentum spectrum.

The B1
c is the bound state of the bottom and char

(b̄ and c) quarks and is predicted to exist by th
Standard Model. The mass of theB1

c is predicted to
be 6.258 6 0.020 GeVyc2 [5] with a lifetime of 0.4–
1.4 ps [6,7]. TheB1

c mass measurement will test ou
understanding of the potential model used to calcul
quark bound state masses and the lifetime measurem
will give information on the effect of binding on lifetime
and test the accuracy of the spectator model assumpti

Perturbative QCD calculations indicate that specta
c̄c production is highly suppressed inb-quark hadroniza-
tion due to the heavy charm quark mass. The fraction ob
quarks that hadronize to produceB1

c mesons is estimated
to be ,1.5 3 1023 [8] from cross section calculations
However, the large branching fraction ofB1

c to inclusive
Jyc final states compared with that for lighterB mesons
enhances our ability to detect this mode. The bran
ing fraction of B1

c ! Jycp1 is estimated to be0.2%
[9]. Based on these calculations, the Cabibbo-suppres
B1

u ! Jycp1 yield is estimated to be greater than th
B1

c ! Jycp1 yield by a factor of,7 [10].
The data used in this analysis were collected with

Collider Detector at Fermilab (CDF) during the 1992
1995 run and correspond to an integrated luminosity
110 pb21 of p̄p collisions at

p
s ­ 1.8 TeV. The CDF de-

tector is described in detail elsewhere [11]. We descr
the components of the detector that are important for t
analysis. The silicon vertex detector (SVX) and the ce
tral tracking chamber (CTC) provide spatial measureme
in the r-w plane [12], giving an average track impact p
rameter resolution of,f162 1 s28yPT d2g1y2mm for tracks
transverse to the beam axis, wherePT is the track trans-
verse momentum in units of GeVyc. To identify muon
candidates, two muon subsystems are used, which toge
provide coverage in the pseudorapidity intervaljhj , 1.0,
where pseudorapidity is defined ash ­ 2 lnftansuy2dg.
The dimuon trigger requires that two oppositely charg
CTC tracks each match muon track segments [13].

Reconstruction of theB1
u ! Jycp1 starts with the iso-

lation of theJyc signal. First, muon candidates are iden
fied by matching hits in the muon chamber to extrapola
CTC tracks. Only well measured tracks in the CTC a
used, and good quality SVX information is added wh
available. Two oppositely charged muon candidates
5178
mi-
n-
e

st

r
te
ent

n.
or

h-

sed
e

e
–
of

be
is

n-
ts
-

ther

d

i-
d

re
n
re

constrained to originate from a common point in spa
(“vertex constraint”). The confidence level (CL) of th
fit is required to be greater than1%, and the calculated in
variant mass of the dimuon pair is required to be with
three standard deviationss3sd of the Jyc world aver-
age mass 3.096 88 GeVyc2 [14]. We find402 500 6 700
Jyc candidates with a mass measurement resolutions of
,19 MeVyc2.

We then constrain the dimuons to theJyc world aver-
age mass, retaining the vertex constraint (“mass and
tex constraint”). A CL. 1% is required on the mass an
vertex constrained fit. All other charged tracks with
the CTC fiducial volume are considered as pion a
kaon candidates in the reconstruction of theJycp1 and
JycK1 decay modes, respectively. To reduce com
natoric background and optimize the Cabibbo-suppres
signal’s expected statistical significance, we require
pion and kaon candidate tracks to havePT sK1, p1d .

1.25 GeVyc, and we requirePT sB1
u d . 5 GeVyc. Since

CDF does not have particle identification to adequat
discriminate pions and kaons in this momentum ran
each three-track vertex is reconstructed under theJycp1

and JycK1 hypothesis, yielding two invariant masse
for each three-track combination. To improve our ma
measurement resolution, we require that the three tra
form a vertex and constrain their momentum in ther-w
plane to “point” back to the primary vertex, which ha
been estimated using the average beam position.
“pointing” constraint requires the momentum vector
the three-track combination to have the same direc
as the displacement vector from the primary to the s
ondary vertex. The fit is required to have a CL. 1% and
the three-track vertex is subsequently referred to as
secondary vertex. We define the transverse decay le

LT ­ $x ?
$PT

j $PT j
, where $x is the displacement vector from

the primary to the secondary vertex, and$PT is the re-
constructed transverse momentum of theB1

u . To separate
the long-livedB1

u mesons from the prompt backgroun
we requireLT sB1

u d . 150 mm and the impact paramete
significancedysd . 1.0 for the pion or kaon candidate
where d is the distance of closest approach in two
mensions to the primary vertex andsd is the uncertainty,
which combines measurement uncertainties on the tr
and vertex (,35mm). We useLT rather than the prope
flight distancect because no knowledge of the partic
mass is needed.

The measurement of the ratio of branching fractio
robs ­ BsB1

u ! Jycp1dyBsB1
u °! JycK1d involves

fitting two mass distributions that differ only in the a
signment of the “third track” as a pion or kaon. A max
mum likelihood fitting procedure with two Gaussians f
the signals and a linear term for the background is u
to extract the ratio of branching fractions [15]. The fit
925 events in theJycK1 andJycp1 mass distributions
with 5.2 , MJycK1 , 5.6 GeVyc2 returns the signa
fraction fs ­ 0.62 6 0.02, and the ratio of branching
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fractions robs ­ 5.111.9
21.7%. This gives us 546 6 24

signal events in theB1
u ! JycK1 decay mode and

28110
29 in the B1

u ! Jycp1 decay mode. TheJycK1

mass distribution is shown in Fig. 1 and theJycp1 mass
distribution with superimposed curves generated from
Monte Carlo simulation is shown in Fig. 2.

The ratio of branching fractions must be corrected
the relative tracking efficiencies, which depend on the
ferent decay-in-flight properties of the two decay mod
Simulated charged tracks are imbedded into data ev
containing aJyc with its vertex displaced from the pr
mary vertex in order to approximate the tracking enviro
ment of B meson events [16]. Applying the full patter
recognition and track fitting algorithm to the event, we fi
the decay-in-flight correctionDrel ­ DpyDK ­ 1.028 6

0.005, whereDp and DK are the efficiencies for recon
structing tracks that may decay within the tracking volum

The principal systematic uncertainties on the ratio
branching fractions are due to three sources. Uncertain
in the shape of the background are estimated to contri
0.8% uncertainty to the ratio by allowing alternati
background shapes in the likelihood fit. Uncertainties
the normalization of the likelihood function are estimat
to be 1.6% [15]. The track reconstruction efficiency h
been studied as a function of instantaneous luminosity
its systematic effect on the decay-in-flight correction
estimated to be 1.2%. The total systematic uncerta
is determined by adding the separate uncertainties
quadrature and is2.2%. The ratio of branching fraction
is determined to be

BsB1
u ! Jycp1d

BsB1
u ! JycK1d

­ s5.011.9
21.7 6 0.1d% . (1)

FIG. 1. TheJycK1 mass distribution. There are546 6 24
JycK1 signal events. The solid line shows the fit to t
data with a Gaussian distribution for the signal and a lin
background distribution. TheB1

u ! Jycp1 events have bee
removed.
a

r
if-
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f
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We then use the world average value forBsB1
u !

JycK1d [14] to obtain the Cabibbo-suppressed branchi
fractionBsB1

u ! Jycp1d ­ s5.012.1
21.9d 3 1025.

The search for the decay modeB1
c ! Jycp1 be-

gins by defining a mass region of6150 MeVyc2 around
the predicted mass of 6.258 GeVyc2 [5]. To take ad-
vantage of the heavierB1

c mass relative to theB1
u

mass, theB1
c °! Jycp candidates must havePT sp1d .

2.5 GeVyc andPT sB1
c d . 6 GeVyc. Because of the un-

known B1
c lifetime, four differentct selections are used

for seven different assumedB1
c lifetimes. These are sum

marized in Table I. The mass distribution forJycp1 can-
didates in the range of interest for theB1

c is shown in the
inset to Fig. 2.

We estimate the mass resolution of theB1
c to be

20 MeVyc2. The four consecutive 20 MeVyc2-wide bins
in the search region containing the largest number
events are used to calculate the limit onB1

c production.
The number of events in these four bins isNtot. The
remaining events are fit to a linear background function
order to estimate the number of background eventsNbkg

contributing toNtot.
The selection criteria for the reference modeB1

u !
JycK1 are modified to requirect . 150 mm and
PT sK1d . 1.5 GeVyc to reduce systematic uncertaintie
associated with theB meson momentum spectra [17
The decay-in-flight correction is recomputed to beDrel ­
1.035 6 0.006 using the procedure described earlier. T

FIG. 2. The Jycp1 mass distribution. There are28110
29

B1
u ! Jycp1 signal events. TheB1

u ! JycK1 signal makes
a large contribution to the lower edge of the distribution in th
main plot. The superimposed curves show theJycp1 mass
distribution for Monte CarloB1

u ! JycK1 and background
events, with and without Monte CarloB1

u ! Jycp1 events.
Shown inset in the figure is theJycp1 mass distribution for
theB1

c search region, withct . 150mm. The search region of
6150 MeVyc2 around 6.25 GeVyc2 is delimited by the vertical
dashed lines. The solid line parametrizes the backgrou
over the domain, excluding the four highest consecutive b
(hatched).
5179
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TABLE I. The chosenB1
c lifetime, the ct selection used

the relative efficiency of the selection criteria (erel), the total
number of data events in the largest four consecutive bins f
6.1 to 6.4 GeVyc2 (Ntot), the number of background events
those 4 bins (Nbkg), and the 95% CL limit for the ratio ofsB.
The error onNbkg is statistical only.

Lifetime ct cut erel ; esB1
u d

esB1
c d

Ntot Nbkg 95% CL

0.17 ps 60 mm 2.50 6 0.15 40 29.2 6 2.6 0.15
0.33 ps 85 mm 2.10 6 0.12 25 16.5 6 2.1 0.10
0.50 ps 100 mm 1.84 6 0.11 18 12.7 6 1.7 0.070
0.80 ps 150 mm 1.80 6 0.10 10 5.9 6 1.2 0.053
1.0 ps 150 mm 1.61 6 0.09 10 5.9 6 1.2 0.046
1.3 ps 150 mm 1.43 6 0.08 10 5.9 6 1.2 0.042
1.6 ps 150 mm 1.35 6 0.07 10 5.9 6 1.2 0.040

relative efficiency for finding theB1
c °! Jycp1 com-

pared to theB1
u °! JycK1 decay modeerel is deter-

mined as a function of theB1
c lifetime. A Monte Carlo

event generator [16] and detector simulation packag
used for both types of mesons and the results are
sented in Table I. The input̄b-quark momentum spectrum
for B mesons and fragmentation to theB1

u are varied to
determine a systematic uncertainty of 4.3% onerel. The
fragmentation ofb ! B1

c uses a perturbative QCD ca
culation [8], and the uncertainty on this calculation is n
included in the systematic uncertainties associated
erel. The trigger simulation is varied to determine a s
tematic uncertainty of 4% onerel. The uncertainty in the
ct distribution of background events with zero lifetim
contributes a 1.3% systematic uncertainty for short-liv
B1

c mesons and less for longer-lived ones.
Calculation of the 95% confidence level limit a

sumes Poisson distributions for the signal and ba
ground and accounts for the uncertainty inNbkg, the
uncertainties in the estimate oferel, and the statis-
tical uncertainty in the number ofJycK1 obtained
[18]. The 95% CL limit on the ratiossB1

c dBsB1
c !

Jycp1dyssB1
u dBsB1

u ! JycK1d as a function of the
B1

c lifetime is shown in Fig. 3 and Table I. Also shown
Fig. 3 is a theoretical estimate of this ratio [8,19].

In summary, we have observed the Cabibb
suppressed decayB1

u ! Jycp1 and measured the rati
BsB1

u ! Jycp1dyBsB1
u ! JycK1d to be s5.011.9

21.7 6

0.1d%, which is in good agreement with the me
surement from CLEO ofs4.3 6 2.3d% [2]. This is
also consistent with the theoretical estimate ba
on factorization [3]. We have used the world ave
age value forBsB1

u ! JycK1d to calculateBsB1
u !

Jycp1d ­ s5.012.1
21.9d 3 1025. In addition, we have

searched forB1
c ! Jycp1 and have presented a 95

confidence level limit on ssB1
c dBsB1

c ! Jycp1dy
ssB1

u dBsB1
u ! JycK1d as a function of theB1

c lifetime.
Based on theoretical predictions of the lifetime and cr
section and the limit we have established, theB1

c should
be observed at CDF with the large data set (,2 fb21)
expected from the next running period.
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FIG. 3. The circular points show the different 95% CL limi
on the ratio of cross section times branching fraction
B1

c ! Jycp1 relative toB1
u ! JycK1 as a function of the

B1
c lifetime. The dotted curve represents a calculation

this ratio based on the assumption that theB1
c is produced

1.5 3 1023 times as often as all otherB mesons and that
GsB1

c ! Jycp1d ­ 4.2 3 109 s 21.
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