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Color-suppressed decays ofB mesons to final states withc(2S) mesons have been observed with the CLEO
detector. The branching fractions for the decaysB1→c(2S)K1, B1→c(2S)K* (892)1, B0→c(2S)K0, and
B0→c(2S)K* (892)0 are measured to be (7.860.760.9)31024, (9.261.961.2)31024, (5.061.160.6)
31024, and (7.661.161.0)31024, respectively, where the first uncertainty is statistical and the second is
systematic. The first measurement of the longitudinal polarization fraction is extracted from the angular analy-
sis of the B→c(2S)K* (892) candidates:GL /G50.4560.1160.04. Our measurements of the decaysB0

→c(2S)K0 andB1→c(2S)K* (892)1 are first observations.

DOI: 10.1103/PhysRevD.63.031103 PACS number~s!: 13.25.Hw
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Studies of the decays ofB mesons toc(2S)-meson final
states contribute to knowledge of hadronicB-meson decays
which involve both the weak and strong interactions. T
ARGUS Collaboration observed the decayB1→c(2S)K1

@1# with a branching fraction (186864)31024 and ob-

*Permanent address: University of Cincinnati, Cincinnati, O
45221.

†Permanent address: Massachusetts Institute of Technology, C
bridge, MA 02139.
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tained upper limits for the branching fractions of the oth
B→c(2S)K (* ) modes@2#. The CLEO Collaboration subse
quently measured the branching fractionB„B1

→c(2S)K1
…5(6.162.360.9)31024 and determined more

stringent upper limits for the otherB→c(2S)K (* ) branching
fractions @3#. Recently, the Collider Detector at Fermila
~CDF! Collaboration measured the branching fractio
B„B1→c(2S)K1

…5(5.660.861.0)31024 and B„B0

→c(2S)K* 0
…5(9.262.061.6)31024 @4#.

Of the decaysB→c(2S)K (* ) @5# reported here, the
modes involving a neutralB0 meson decaying to aCP
m-
3-2



he

e
a-
m

t
iz

te
in

s
f
n
de

o
-

-

pe

ll

re
aw
5
le

as

c
-

ct
r

rb
th

n

on

ed

en-
a-
er.
tted
he
ari-
e in

rac-
ust
the

an
tive

p-
pri-
ns.

-

RAPID COMMUNICATIONS

STUDY OF B→c(2S)K AND B→c(2S)K* (892) DECAYS PHYSICAL REVIEW D 63 031103~R!
eigenstate can be used, in a manner similar to that for t
J/c analogues, to measure theCP-violation angleb of the
unitarity quark-mixing triangle. Measurements of the mod
B→c(2S)K (* ) can also contribute to tests of the factoriz
tion hypothesis@6# and to phenomenological techniques e
ployed in several models that predict the ratios of vector
pseudoscalar kaon production and the longitudinal polar
tion fraction in B→J/cK (* ) and B→c(2S)K (* ) decays
@7–11#. Absolute branching fractions have been calcula
by combining these phenomenological approaches with
puts from experiments@8#. Nonfactorizable contributions to
the decay amplitudes can provide substantial correction
these predictions@12#. Both improvements in the accuracy o
the experimental measurements and the observation of
modes can help in differentiating between models and un
standing the role of any nonfactorizable corrections@9–11#.

In this Rapid Communication we report measurements
all four decaysB→c(2S)K (* ), including the first observa
tion of the decaysB0→c(2S)K0 andB1→c(2S)K* 1. We
also present the first angular analysis of the decaysB1

→c(2S)K* 1 andB0→c(2S)K* 0, which leads to a deter
mination of the longitudinal polarization fraction,GL /G. The
measurements reported in this Rapid Communication su
sede the previous CLEO results@3#.

The data used in this analysis were collected frome1e2

collisions on or near theY(4S) resonance at the Corne
Electron Storage Ring~CESR! with two configurations of
the CLEO detector, CLEO II and CLEO II.V.

In CLEO II @13#, the momenta of charged particles we
measured in a tracking system consisting of a 6-layer str
tube chamber, a 10-layer precision drift chamber, and a
layer main drift chamber, all operating inside a 1.5 T so
noidal magnet. The main drift chamber also provided
measurement of the specific ionization (dE/dx) of charged
particles. For CLEO II.V, the innermost wire chamber w
replaced with a three-layer silicon vertex detector@14#, and
the argon-ethane gas of the main drift chamber was repla
with a helium-propane mixture. A 7800-crystal CsI calorim
eter detected photon candidates and was used for ele
identification. Muon candidates were identified with propo
tional counters placed at various depths in the steel abso
The total integrated luminosity of the data sample at
03110
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Y(4S) energy is 9.2 fb21, corresponding to the productio

of 9.73106 BB̄ pairs. A data sample of 4.6 fb21 recorded
60 MeV below theY(4S) energy was used for continuum

non-BB̄ background evaluation. The Monte Carlo simulati
of the CLEO detector isGEANT-based@15#. Simulated events
for the CLEO II and CLEO II.V configurations are process
in the same manner as data.

Candidates for the decaysB1→c(2S)K (* )1 and B0

→c(2S)K (* )0 are reconstructed via the decaysc(2S)
→ l 1l 2 andc(2S)→J/cp1p2→ l 1l 2p1p2, wherel 1l 2

stands fore1e2 or m1m2 pairs. TheK* 1 andK* 0 mesons
are reconstructed in theirKS

0p1, K1p0, K1p2, andKS
0p0

modes.
Electron candidates are identified by their calorimeter

ergy deposition, which must be consistent with their me
sured momenta and specific ionization in the drift chamb
Electrons may be accompanied by radiative photons emi
in the narrow cone along the momentum direction of t
electron. The recovery of these photons improves the inv
ant mass resolution and results in a 20% relative increas
thec(2S)→ l 1l 2 reconstruction efficiency@16#. At least one
muon candidate is required to penetrate five nuclear inte
tion lengths of material, whereas the other candidate m
penetrate at least three nuclear interaction lengths. In
decaysc(2S)→J/cp1p2, thep1p2 invariant mass is re-
quired to be greater than 0.4 GeV/c2, as motivated by the
measuredp1p2 invariant mass spectrum@17#. For J/c and
c(2S) candidates in the dielectron final state we use
asymmetric mass criterion to take into account the radia
tail: 2100,Me1e22MJ/c,50 MeV/c2 and 2140
,Me1e22Mc(2S),60 MeV/c2. The dimuon candidate
mass is required to be within 50~60! MeV/c2 of the J/c
„c(2S)… mass.

CandidateKS
0 mesons are reconstructed from pairs of o

positely charged tracks with vertices separated from the
mary interaction point with at least 3 standard deviatio
CandidateK* mesons are required to have aKp invariant
mass within 80 MeV/c2 of the K* mass @18#. For the
charged kaon candidates fromK* decays, thedE/dx and
time-of-flight information~at least one source of identifica
a,
TABLE I. Dimensions of theDE vs M (B) signal area (M0 is the PDGB-meson mass@18#!, number of events in the signal are
background estimates, and detection efficiencies~branching fractions not included!.

B1→c(2S)K1 B0→c(2S)KS
0 B1→c(2S)K* 1 B0→c(2S)K* 0

K* 1→KS
0p1 K* 1→K1p0 K* 0→K1p2 K* 0→KS

0p0

uDEu @MeV# 20 20 30 40 30 40
uM (B)2M0u @MeV/c2# 8 8 8 9 8 9
N„c(2S)→ l 1l 2

… 60 11 5 7 20 1
N„c(2S)→J/cp1p2

… 69 10 9 2 25 2
B→c(2S)X bkg. 0.260.1 0.0260.02 0.660.2 0.360.2 1.760.5 0.260.1
Combinatorial bkg. 1.660.5 0.360.2 0.560.3 0.760.3 1.860.5 0.160.1
Total bkg. 1.860.5 0.360.2 1.160.4 1.060.4 3.560.7 0.360.1
e„c(2S)→ l 1l 2

… @%# 44 33 18 6 23 5
e„c(2S)→J/cp1p2

… @%# 23 17 8 3 11 3
3-3
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FIG. 1. DE vs M (B) for ~a! B1→c(2S)K1, ~b! B0

→c(2S)KS
0 , ~c! B1→c(2S)K* 1, K* 1→KS

0p1, ~d! B0

→c(2S)K* 0, K* 0→K1p2, ~e! B1→c(2S)K* 1, K* 1→K1p0,
and ~f! B0→c(2S)K* 0, K* 0→KS

0p0 candidate events, with the
contributions fromc(2S)→ l 1l 2 and c(2S)→J/cp1p2 com-
bined. The boxes indicate the signal regions. Also shown are
M (B) projections for the candidate events withDE within the sig-
nal area limits.
03110
tion must be available! must be consistent with a kaon hy
pothesis to within two standard deviations.

Photon candidates are defined as energy clusters in
calorimeter of at least 60 MeV in the barrel region,ucosuu
,0.80, and 100 MeV in the end cap region, 0.80,ucosuu
,0.95, whereu is the polar angle with respect to the bea
axis. Each photon candidate must have a lateral profile
energy deposition consistent with that expected of a pho
In addition, we do not use the fragments of a nearby la
shower as photon candidates. Thep0 candidates are recon
structed from photon pairs with at least one photon from
barrel region and an invariant mass within 3 standard de
tions of the PDGp0 mass@18#. The p0 mass resolution is
calculated from the known angular and energy resolution
the calorimeter.

For the modes with a neutral pion in the final state, t
K* helicity angle must be greater thanp/2, which effec-
tively eliminates the low momentum neutral pion bac
ground. TheK* helicity angle,uK* , is the polar angle of the
K meson in theK* rest frame relative to the negative of th
c(2S) direction in that frame.

The B candidates are selected by means of two para
eters: the difference between the energy of theB candidate
and the beam energy,DE[E„c(2S)…1E(K (* ))2Ebeam,
and the beam-constrainedB-candidate mass, M (B)

[AEbeam
2 2pW B

2, wherepW B is the momentum of theB candi-
date. TheB candidate must be within the63 standard de-
viation signal region~Table I! in the DE vs M (B) plane.

After the B→c(2S)K* event selection, 10–20% of th
events have more than oneB candidate in the signal area. I
these cases, we select theB candidate with minimumS(xi

2m i)
2/s i

2 , wherem i is a central value of the measured p
rameterxi and s i is its uncertainty (B→ l 1l 2K* and B
→ l 1l 2p1p2K* were considered different modes!. The fol-
lowing parameters were used where available: the masse
the c(2S), K* , KS

0 , andp0 candidates, and the identifica
tion significance of the kaon candidates fromK* decays and
the pion candidates from thec(2S)→J/cp1p2 decay. The
distributions of DE vs M (B) for the six different B
→c(2S)K (* ) decays after all selection criteria are appli
are shown in Fig. 1.

The principal sources of background are the cross-f
from a differentB→c(2S)K (* ) mode orB→c(2S)Kpp

modes, the combinatorial background fromY(4S)→BB̄ de-
cays that do not contain ac(2S) daughter, and continuum
non-BB̄ decays.

Contributions from miscellaneousB decays withc(2S)
decay products are estimated using the Monte Carlo sim
tion of BB̄ events in which one of theB mesons decays
exclusively in the selected mode. The following modes
considered for calculations of background from misidentifi
B decays to states with charmonium:B→c(2S)K processes
with branching fractions obtained in this Rapid Communic
tion ~before correcting for this background!; B→c(2S)K*
processes with similarly obtained branching fractions a
non-resonant contributions to theK* reconstruction not con-
sidered; andB→c(2S)Kpp decays with the value of the

e

3-4
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branching fraction consisting of that for inclusiveB
→c(2S)X production@18#, after the subtraction ofK and
K* decay contributions.

The combinatorial background is estimated with fits of t
beam-constrainedB mass distributions in data. The bac
ground shape is obtained with events in theDE sideband
areas: 0.05,uDEu,0.15 GeV. As a check, the combinato
rial background is also estimated using theY(4S)→BB̄
Monte Carlo sample withB→c(2S)X decays excluded. The
results of the two methods agree within statistical unc
tainty. The results on signal and background yields are s
marized in Table I. Lepton universality is assumed in cal
lations of the efficiencies for thec(2S)→ l 1l 2 mode.

The decaysB→c(2S)K* are a transition from a pseudo
scalar to a pair of vector mesons. The fraction of longitudi
polarization is extracted from the distribution of theK* he-
licity angle. The distribution of theK* helicity angle is given
by @19# dG/(d cosuK*)}sin2uK*(12GL /G)12 cos2uK*GL /G.

Figure 2 shows theK* helicity angles for theB1

→c(2S)K*1, K* 1→KS
0p1; B1→c(2S)K* 1, K* 1

FIG. 2. Spectra of theK* helicity angles in ~a! B1

→c(2S)K* 1, K* 1→KS
0p1; ~b! B1→c(2S)K* 1, K* 1→K1p0;

and ~c! B0→c(2S)K* 0, K* 0→K1p2 candidate events in data
The solid curves represent the fit results to the data~points!. The
dashed curves represent the background contributions.
03110
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→K1p0; and B0→c(2S)K* 0, K* 0→K1p2 candidate
events in data. TheB0→c(2S)K* 0, K* 0→KS

0p0 data are
not used in the polarization measurements because the
of statistics precludes a reasonable understanding of
background. The curves show the results of the binned l
lihood fit to the data. The fit function includes the variab
GL /G and a fixed amount of background, as listed in Table
The signal shapes in the fit function for decays with t
extreme values ofGL /G50 and 1 are extracted from
Monte Carlo simulation. The detector resolution in cosuK* is
;0.06, which is significantly smaller than the bin width. Th
background shape is estimated using the events from s
bands in theM (B) vs DE plane. The results for the fractio
of longitudinal polarization, with statistical uncertaintie
only, are 0.6460.22, 0.3860.23, and 0.4060.14 for the de-
cays with K* 1→KS

0p1, K* 1→K1p0, and K* 0→K1p2

final states, respectively. The correctness of the fit is chec
by fitting Monte Carlo generated distributions with a know
value of the longitudinal polarization fraction. The probabi
ties to get greater likelihood values than the observed va
are 88, 12, and 10% for theseB modes, respectively.

The acceptance and efficiency are evaluated with a si
lated sample ofB→c(2S)K (* ) decays. The contributions to
the systematic error come from the uncertainty in the rec
struction efficiency due to track finding~1% per track!, lep-
ton and kaon identification~3% per candidate!, KS

0 finding
~2% per candidate!, p0 reconstruction~3% per candidate!,
background evaluation~Table I!, as well as from uncertain
ties in the c(2S) and J/c branching fractions@18#. The
Monte Carlo statistical uncertainty is at least a factor of
smaller than the statistical uncertainty of the data. Equal p

TABLE II. Measured branching fractions@1024#, where the
first uncertainties are statistical and the second are systematic.
statistical and uncorrelated systematic uncertainties are adde
quadrature in calculations of the average values.

B1→c(2S)K1 7.860.760.9
B1→c(2S)K* 1, K* 1→KS

0p1 8.962.461.2
B1→c(2S)K* 1, K* 1→K1p0 9.863.361.5

B1→c(2S)K* 1, average 9.261.961.2

B0→c(2S)K0 5.061.160.6
B0→c(2S)K* 0, K* 0→K1p2 7.561.161.0
B0→c(2S)K* 0, K* 0→KS

0p0 12.467.261.8
B0→c(2S)K* 0, average 7.661.161.0

TABLE III. Measured longitudinal polarization fractions,GL /G,
where the first uncertainties are statistical and the second are
tematic. The statistical and uncorrelated systematic uncertaintie
added in quadrature in calculations of the average values.

B1→c(2S)K* 1,K* 1→KS
0p1 0.6460.2260.08

B1→c(2S)K* 1,K* 1→K1p0 0.3860.2360.07
B1→c(2S)K* 1 , average 0.5160.1660.05
B0→c(2S)K* 0 0.4060.1460.07

B→c(2S)K* , average 0.4560.1160.04
3-5
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TABLE IV. Comparison of model predictions and experimental results forRc(2S) andGL /G, where the
first uncertainties are statistical and the second are systematic.

Source Rc(2S) GL /G

Neubertet al. @7# 1.85 –
Deshpande and Trampetic@8# 3.8 –
Deandreaet al. @8# 2.0 –
Cheng@8# 1.57 0.33
Neubert and Stech@10# 4.35 –

CDF measurement@4# 1.6260.4160.19 –
This measurement 1.2960.2260.05 0.4560.1160.04
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duction of charged and neutralB-meson pairs inY(4S) de-
cays is assumed. In the cases of decaysc(2S)
→J/cp1p2, the additional systematic uncertainty of 2
comes from the uncertainties involved in the generation
the p1p2 invariant mass spectrum. For the modes withK*
daughters, the efficiency depends on the helicity composi
of the final state due to the fact that the momenta of theK*
decay products are correlated with the helicity angle. T
uncertainty inK* helicity adds a small contribution of 1% t
the systematic uncertainty~the GL /G result obtained in this
Rapid Communication is used for this estimate!. The major
sources of systematic uncertainty in the longitudinal po
ization fraction measurement are the uncertainties in the
ting procedure~10, 10, 15 %!, background estimates~5, 15,
5 %!, and differences in detection efficiencies for deca
with GL /G50 and 1 ~5, 5, 5 %! for modes with K* 1

→KS
0p1, K* 1→K1p0, and K* 0→K1p2 final states, re-

spectively.
The results of the measurements are summarized

Tables II and III. The branching-fraction results a
B„B1→c(2S)K1

…5(7.860.760.9)31024, B„B1

→c(2S)K* 1
…5(9.261.961.2)31024, B„B0→c(2S)K0

…

5(5.061.160.6)31024, and B„B0→c(2S)K* 0
…5(7.6

61.161.0)31024. These values supersede the previo
CLEO results@3# and are in agreement with the CDF me
surements@4#. Assuming isospin invariance, we make t
first measurement of the longitudinal polarization fracti
GL /G in the decays B→c(2S)K* , GL /G50.4560.11
u

03110
f

n

e

-
t-

s

in

s

60.04, and measure the ratio of vector to pseudoscalar
son production to be Rc(2S)[B„B→c(2S)K* …/B„B
→c(2S)K…51.2960.2260.05. Table IV compares exper
mental results forR and GL /G with theoretical predictions
@7,8,10#. The predictions forRc(2S) of Deshpande and Tram
petic @8# and Neubert and Stech@10# are inconsistent with
our measurement.

In summary, we have studied all four decaysB
→c(2S)K (* ) with the B0→c(2S)K0 and B1

→c(2S)K* 1 modes observed for the first time. The fir
measurement of the longitudinal polarization fraction is e
tracted from an angular analysis of theB→c(2S)K* candi-
dates. TheB0→c(2S)K (* )0 decays are expected to play
significant role in futureCP violation measurements.
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