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Abstract

We report on measurements of the branching ratios of the decays B+ ! �0
c1(1P )K

+

and B+ ! J= K+�+��, where �0
c1(1P ) ! J= 
 and J= ! �+�� in pp collisions

at
p
s = 1:8 TeV. Using a data sample from an integrated luminosity of 110 pb�1

collected by the Collider Detector at Fermilab we measure the branching ratios to be
BR(B+ ! �0

c1(1P )K
+) = 15:5� 5:4(stat)� 1:5(syst)� 1:3(br)� 10�4 and BR(B+ !

J= K+�+��) = 6:9 � 1:8(stat) � 1:1(syst) � 0:4(br) � 10�4 where (br) is due to the
�nite precision on BR(B+ ! J= K+) and BR(�0

c1(1P ) ! J= 
) used to normalize
the signal yield, and (syst) encompasses all other systematic uncertainties.

PACS numbers: 13.85.Ni, 14.40.Gx

1 Introduction

In this paper we report on measurements of the branching ratios of B+ ! �0c1(1P )K
+

and B+ ! J= K+�+�� observed in p�p interactions at a center of mass energy of
p
s = 1:8

TeV. These decay modes were observed in a data sample of an integrated luminosity of
110 pb�1, using the decay channels �0c1(1P )! J= 
 and J= ! �+��. Here and through-
out this paper, reference to a speci�c state implies the charge-conjugate state as well. The
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current Particle Data Group values for these branching ratios are based on measurements
by ARGUS[1, 2] and CLEO[3, 4] using data from e+e� colliders operating at the �(4S)
resonance and have uncertainties of the order of 50%. A more precise measurement based
on e+e� collider data has recently been published by the BABAR collaboration for the
decays B+ ! J= K+ and B+ ! �0c1(1P )K

+[5].
Theoretical predictions based on factorization and isospin symmetry exist for some

hadronic B meson decays to charmonium[6, 7] but have large uncertainties. These re-
sults indicate that decays with a spin 1 charmonium particle in the �nal state, such as
B+ ! J= K+ and B+ ! �0c1(1P )K

+ have branching ratios of similar magnitude[6]. At
CDF the �0c1(1P ) decay to J= 
 is indistinguishable from the corresponding �0c2(1P ) decay
due to the resolution of the calorimeter[8], but the decay B+ ! �0c2(1P )K

+ is forbidden if
soft gluon exchange is neglected[1, 9, 10].

Since the process B+ ! J= K+ is similar to the processes we want to measure, and its
branching ratio is comparatively well measured, a ratio of branching ratios was measured
between the signal (\sig") modes B+ ! �0c1(1P )K

+ and B+ ! J= K+�+�� and the well
established reference (\ref") mode B+ ! J= K+. Many systematic uncertainties cancel in
this ratio which is given by equation 1.

BRsig
BRref

= C

 
Nsig

Nref

! 
Aref
Asig

!
(1)

The number of observed events, Nsig and Nref , were measured in the data while applying
similar selection criteria to both signal and reference decay modes. The acceptances Asig
and Aref were calculated with a Monte Carlo simulation and additional information from
the data as discussed later in this paper. The term C is equal to one for the decay B+ !
J= K+�+�� and 1=BR(�0c1(1P )! J= 
) for the decay B+ ! �0c1(1P )K

+.

2 The CDF Detector

The data were collected in the periods 1992-93 (Run 1A) and 1993-95 (Run 1B) by
the Collider Detector at Fermilab (CDF). The CDF detector has been described in detail
elsewhere [11, 12]. The components most relevant to this analysis are brie
y described here.
A cylindrical coordinate system (r; �; z) best de�nes the CDF detector where the proton
beam de�nes the +z direction, r is the transverse distance from the beam axis, and � is the
azimuthal angle. The pseudorapidity is de�ned as � � �ln[tan(�=2)] and the momentum
component transverse to the beam axis is denoted by pT . The Central Tracking Cham-
ber (CTC) and Silicon Vertex detector (SVX) were placed in a 1.4 T axial magnetic �eld.
The CTC had a resolution of ÆpT =pT =

p
(0:0011pT )2 + (0:0066)2 for tracks constrained to

come from the beam line, where pT is measured in GeV/c. The SVX provided high resolu-
tion tracking information close to the nominal p�p interaction point for improved vertexing.
The central electromagnetic and hadronic calorimeters located outside the tracking volume
were constructed with a projective tower geometry which pointed toward the nominal p�p
interaction point and covered the region j�j < 1:1. The calorimeter towers subtended ap-
proximately 0.1 in � by 15Æ in �. A system of proportional chambers (CES) was embedded
in the electromagnetic calorimeter at a depth of six radiation lengths for measuring the
position of the electromagnetic showers at the stage of maximum development. The central
muon chambers (CMU), at a radius of 3.5 m from the beam axis, were located behind the
calorimeter and provided muon identi�cation in the region of pseudorapidity j�j < 0:6. The
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central muon upgrade system (CMP) which consisted of four layers of drift chambers was
located outside the CMU behind an additional four interaction lengths of steel absorber
and covered a similar region of �. Finally, the CMX muon system extended the coverage
up to j�j < 1:0. Depending on the incident angle, particles had to penetrate six to nine
absorption lengths of material to be detected in the CMX.

3 Event Selection

The measurements reported here are based on a data sample of muon pairs collected
with a three-level online trigger. The �rst level trigger required two charged track segments
in the central muon chambers. The eÆciency for this trigger rises from �40% at pT = 1:5
GeV/c to 93% for muons with pT > 3:0 GeV/c. At the second level at least one muon
segment was required to match a CTC track found by a hardware fast track processor
(CFT). The CFT performed a partial reconstruction of all charged tracks with pT above
2 GeV/c. Muon candidates found by the �rst level trigger were required to match a CFT
track extrapolated to the muon chambers within about 15 degrees in azimuth. The third
level trigger required that two reconstructed CTC tracks be matched with two tracks in
the muon chambers and that the invariant mass of the dimuon pair be between 2.7 and 4.1
GeV/c2.

Additional requirements were made o�ine to suppress background in the dimuon
sample. Each muon chamber track was required to match its associated CTC track to
within 3� in r � � and 3:5� in z, where � is the calculated uncertainty due to multiple
scattering, energy loss, and measurement uncertainties. Muons from the J= ! �+��

decay were required to be identi�ed by the CMU alone or both the CMU and CMP for
tracks with j�j < 0:6. Muons with 0:6 < j�j < 1:0 were required to be identi�ed by the
CMX system. The muons were also required to have opposite charge. The pT of each muon
from the J= , for Run 1A, was required to be greater than 2.0 GeV/c with one muon of the
pair greater than 2.8 GeV/c. For Run 1B, due to di�erent trigger thresholds, both muons
were required to have pT greater than 2.0 GeV/c. J= events were selected by requiring
that the muon pair forms a vertex and has an invariant mass within �40 MeV/c2 from the
world average value for mJ= [13].

The resulting J= muon tracks were then combined with other tracks to reconstruct
the B+ decay vertex. For both the B+ ! �0c1(1P )K

+, �0c1(1P ) ! J= 
, J= ! �+��

and B+ ! J= K+�+��, J= ! �+�� decay chains, the dimuon mass was constrained
to the world average value for mJ= during the �t. At least one of the muon tracks as
well as all of the other tracks were required to have hits in the SVX in order to use well
measured tracks close to the p�p interaction point and thus ensure good vertex parameter
measurements. For B+ ! J= K+�+�� decays the events for which the invariant mass of
the J= �+�� was within 10 MeV/c2 of the  (2S) mass were removed in order to exclude
the decay B+ !  (2S)K+ where  (2S) ! J= �+��. Track combinations with a vertex
�t �2 probability greater than 1% were then included in the B+ mass �ts.

To reconstruct B+ ! �0c1(1P )K
+ candidates where the �0c1 ! J= 
, we selected

events with a J= K+ vertex and a transverse energy deposition of at least 0.7 GeV in a cell
of the central electromagnetic calorimeter with a signal in the �ducial volume of the CES
chambers. The �ducial volume requirement ensured that the shower was fully contained in
a cell. The location of the signal in the CES chambers and the reconstructed J= K+ vertex
determine the direction of the photon momentum; its magnitude is the energy deposited in
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the calorimeter. We retained photon candidates that had no tracks extrapolating to their
calorimeter cell. Figure 1 shows the measured MJ= 
 � m�c1(1P ) spectrum. To identify
events with a �0c1(1P ) the reconstructed MJ= 
 was required to be within �110 MeV/c2 of
the world average value for m�c1(1P )[13]. The identi�ed �

0
c1(1P ) events were then included

in the �0c1(1P )K
+ invariant mass distribution where the J= 
 mass has been constrained

to the world average value for m�c1(1P ).
To reduce background levels, additional selection criteria were placed on the pT

of the non-J= tracks, the pT of the B meson candidate, the proper decay length of the
B+ candidate, ct(B), the impact parameter of the B+ momentum with respect to the
beam line, jIxy(B)j, and the B+ isolation variable fpT = pT (B)=(pT (B) +

P
pconeT ). The

quantity
P
pconeT is the scalar sum of the transverse momenta of all non-B+ candidate tracks

within
p
(��)2 + (��)2 <1.0 of the B+ momentum direction. For each signal mode the

selection criteria were optimized to maximize S2=(S + Bkg) of the signal sample where S
is the expected signal for 110 pb�1, and Bkg is the background underneath the signal. S
was calculated using the acceptances from the Monte Carlo and inverting equation (1) to

�nd S � N expected
sig = Nref (BRsig=BRref )(Asig=Aref ). Bkg was derived from �ts to the

sidebands around the signal peak observed in data. The optimized cuts are listed in table I.
The optimization of ct(B) and jIxy(B)j yielded similar results for the two analyses, whereas
the optimization of the pT cuts and fpT were di�erent for the two analyses due to the
di�erent numbers of particles in the �nal states.

4 Candidate B Meson Invariant Mass Distributions

The resulting �0c1(1P )K
+ and J= K+�+�� mass distributions are shown in �gures 2

and 3 respectively. The �0c1(1P )K
+ mass distribution is �t with a gaussian for the signal

and a �rst order polynomial for the background. The J= K+�+�� mass distribution is
�t with two gaussians of equal area for the signal and a �rst order polynomial for the
background. Since we cannot adequately distinguish between kaons and pions, �gure 3 has
two entries per event. The second gaussian is used to account for incorrect assignment for
the kaon and pion tracks. The width of the gaussians used in the �t for both decays is
�xed based on the width measured in the Monte Carlo scaled by the di�erence in widths
observed between data and Monte Carlo for the reference signal J= K+. For all �ts the
mean of the gaussian was a free parameter. The reference signal J= K+ is shown in �gure
4 using the �nal kinematic cuts used by the B+ ! �0c1(1P )K

+ analysis. The �ts of the
�0c1(1P )K

+ and J= K+ mass distributions exclude the region below 5.15 GeV/c2 to avoid
including partially reconstructed B ! J= K� events. The values for Nsig and Nref are
summarized in table II.

5 EÆciency Corrections

A Monte Carlo simulation was used to optimize the kinematic cuts described above as
well as calculate eÆciency corrections. For this simulation a mix of B+ and B� events
were simulated based on the NLO QCD predictions of Nason, Dawson, and Ellis (NDE)[14,
15]. The input parameters to the model were set to a renormalization and factorization

scale of � = �0 =
q
m2
b + p2T , mass of the b quark mb = 4:75 GeV/c2, and Peterson

fragmentation parameter � = 0:006. Events in the channel B+ ! J= K+ were generated
for calculating the geometrical acceptance Aref . Events in the channels B+ ! �0c1(1P )K

+
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and B+ ! J= K+�+�� were generated for estimating the signal acceptances A�0
c1
(1P )K+

and AJ= K+�+�� for use in equation (1).
Both the acceptances A�0

c1
(1P )K+ and AJ= K+�+�� were calculated using the factorized

forms described below.

A�0
c1
(1P )K+ = AgeomJ= K+ �A
 AJ= K+�+�� = AgeomJ= K+�+�� �Atrack (2)

The �0c1(1P )K
+ acceptance is assumed to factorize into a geometrical term similar to the

acceptance for the reference signal and a photon term. The J= K+�+�� acceptance is
assumed to factorize into a geometrical term and a tracking eÆciency term due to the two
extra pion tracks with respect to the reference signal.

The two geometrical acceptances, AgeomJ= K+ and AgeomJ= K+�+�� were both calculated us-

ing the Monte Carlo simulation in the kinematic range pminT < pBT < 30:0 GeV/c and
jyBj < 0:9 where pminT = 5:0 GeV/c for the �0c1(1P )K

+ analysis and pminT = 6:0 GeV/c
for the J= K+�+�� analysis as described in the section on event selection, and yB is the
rapidity of the B meson. The J= from the decay �0c1(1P ) ! J= 
 was generated un-
polarized using the assumption of a purely electric dipole transition [16, 17]. The photon
acceptance, A
 , is the product of the probability that the photon is within the �ducial vol-
ume, the reconstruction eÆciency of the �ducial photon, and the probability that there is
no track in the photon tower. The �ducial probability was calculated using the Monte Carlo
simulation. The photon reconstruction eÆciency was obtained from real data by applying
the photon requirements to a sample of electrons from photon conversions selected using
only tracking information[18, 19]. The \no track" probability was estimated by looking
at the track occupancy of calorimeter towers in the data for B+ ! J= K+ events. The
tracking eÆciency, Atrack, was estimated by combining the pT spectrum for the two pions
from Monte Carlo with the measured pion tracking eÆciency[20] in bins of pT . The values
of the acceptances and their factorized parts are summarized in table II.

6 Systematic Uncertainties

Both branching ratio measurements have a systematic error due to the uncertainty on
the world average value of BR(B+ ! J= K+) used to extract the absolute branching ra-
tios. Since they both used the same Monte Carlo generation algorithm, they also share an
uncertainty due to the B production model used. These e�ects were estimated by varying
the scale by a factor of two above and below the central value of � = �0, varying the b
quark mass by �0.25 GeV/c2 around the central value of 4.75 GeV/c2, and varying the
Peterson fragmentation parameter by �0.002 around the central value of 0.006. The di�er-
ence between the largest and smallest values for the ratio Aref=Asig was used to estimate
the uncertainty on the branching ratio.

The systematic uncertainties speci�c to the B+ ! J= K+�+�� decay channel are
primarily due to acceptance uncertainties. In addition to purely �ducial e�ects, the value
of AgeomJ= K+�+�� may be a�ected by mass resonances and helicity e�ects. The primary mass

resonances a�ecting the above decay are B+ ! J= K�+
2 , K�+

2 ! K�0�+, K�0 ! K+��

and B+ ! J= K�0�+, K�0 ! K+��. These processes were simulated using the Monte
Carlo and the di�erence between the maximum and minimum values for AgeomJ= K+�+�� was
used to estimate the uncertainty. The e�ect of helicities was simulated by generating events
with the daughter particles polarized either longitudinally or transversely. Half of the
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di�erence between the AgeomJ= K+�+�� values for the two helicity states was used to estimate

the uncertainty. Since the J= K+�+�� vertex is formed from �ve tracks rather than the
three used for the reference signal, an uncertainty due to vertex eÆciency is included for
that channel. The uncertainty due to tracking eÆciency was found to be negligible.

The systematics speci�c to the B+ ! �0c1(1P )K
+ decay channel are related to un-

certainties on the photon acceptance. Since the photon detection eÆciency is determined
using conversion electrons, there is an uncertainty in the estimation of the detector re-
sponse between photons and electrons, due to the uncertainty on the amount of material in
front of the calorimeter. There is also an uncertainty on the \no track" isolation eÆciency
which is simply statistical in nature. Based on the result in reference [17] and the results
of the Monte Carlo simulation, we concluded that the uncertainty due to J= helicity was
negligible for this decay. The individual systematic errors are summarized in table III.

7 Conclusion

The measured values for BRsig=BRref are 1:53� 0:53(stat)� 0:15(syst)� 0:09(br) and
0:68 � 0:18(stat) � 0:11(syst) for the decays B+ ! �0c1(1P )K

+ and B+ ! J= K+�+��,
respectively. The third uncertainty for the B+ ! �0c1(1P )K

+ ratio is due to the un-
certainty on BR(�0c1(1P ) ! J= 
) = 0:273 � 0:016[13]. As expected, the ratios are
close to unity[6]. The �nal branching ratios were extracted using the value measured
by the BABAR collaboration of BR(B+ ! J= K+) = 10:1 � 0:6 � 10�4[5] which gave
the results BR(B+ ! �0c1(1P )K

+) = 15:5 � 5:4(stat) � 1:5(syst) � 1:3(br) � 10�4 and
BR(B+ ! J= K+�+��) = 6:9 � 1:8(stat) � 1:1(syst) � 0:4(br) � 10�4. The uncertainty
on BRref has been added in quadrature to the (br) part of the error for both measure-
ments. Our measurements are consistent with, and have a similar precision to, the corre-
sponding world averages of 10 � 4 � 10�4 and 14 � 6 � 10�4[13]. These also represent the
�rst measurements of these branching ratios at a hadron collider. The measurement for
BR(B+ ! �0c1(1P )K

+) can also be compared to the recent measurement by the BABAR
collaboration of 7:5� 0:8(stat)� 0:8(syst)� 10�4[5] which is consistent with our result but
with better precision.
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Table I: Summary of optimized kinematic cuts.

B+ ! �0c1(1P )K
+ B+ ! J= K+�+��

ct(B) > 80�m > 80�m
jIxy(B)j < 100�m < 100�m
fpT > 0:6 > 0:7
pT (B) > 5 GeV/c > 6 GeV/c
pT (K;�) > 1:25 GeV/c > 0:7 GeV/c

Table II: Summary of quantities used to calculate the ratio of branching ratios. Note that
the acceptances for the two decay channels use di�erent minimum pT requirements for the
B meson and are not directly comparable. All uncertainties are statistical only.

B+ ! �0c1(1P )K
+ B+ ! J= K+�+��

Nref 525� 27 435 � 28
Nsig 19:8 � 6:8 56:7 � 14:5
Aref 0:0467 � 0:0006 0:0694 � 0:0003
Asig 0:00417 � 0:00022 0:0131 � 0:0010
Ageom 0:0276 � 0:0004 0:0132 � 0:0001
Atrack { 0:990 � 0:004
A
 0:151 � 0:004 {

Table III: Systematic uncertainties on BR(B+ ! �0c1(1P )K
+) and BR(B+ !

J= K+�+��)

Source of Uncertainty BR(B+ ! �0c1(1P )K
+) BR(B+ ! J= K+�+��)

BR(B+ ! J= K+) 6.0% 6.0%
BR(�0c1(1P )! J= 
) 5.9% {
B Production Model 9.0% 7.2%

B Decay Model (Resonance) { 6.6%
B Decay Model (Helicity) { 13.1%

Vertex Probability { 3.0%
Photon E�. 3% {

Photon-No Track E�. 3% {
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Figure 1: The distribution of the mass di�erence [�M =MJ= 
�m�c1(1P )(PDG)]. The E


T

is required to be greater than 0.7 GeV. The measured MJ= 
 is corrected for a 20 MeV/c2

underestimate due to the calorimeter calibration.
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Figure 2: The invariant mass distribution of �0c1(1P )K
+ candidate events. The histogram

is �tted with a gaussian signal and a linear background with the width of the gaussian �xed
to 12.1 MeV/c2. The peak contains 19:8 � 6:8 B+ ! �0c1(1P )K

+ events.
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Figure 3: The invariant mass distribution of J= K+�+�� from Run I data. The histogram
is �tted with two gaussians of equal area for the signal and a �rst order polynomial for the
background. The two gaussians are used to account for the ambiguity on the mass of the
two same charge meson tracks. The width of the �rst signal gaussian is �xed to 8.8 MeV/c2

while the width of the second gaussian is 145 MeV/c2. The peak contains 56:7 � 14:5
B+ ! J= K+�+�� events.
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Figure 4: The invariant mass distribution of J= K+ candidate events. The histogram
is �tted with a gaussian signal and a linear background. The peak contains 525 � 25
B+ ! J= K+ events with a �tted width of 13.2 MeV/c2.

14


