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B. Mayer,66 G. Schott,66 G. Vasseur,66 Ch. Yèche,66 M. Zito,66 M. V. Purohit,67 A. W. Weidemann,67 F. X. Yumiceva,67

D. Aston,68 R. Bartoldus,68 N. Berger,68 A. M. Boyarski,68 O. L. Buchmueller,68 M. R. Convery,68 M. Cristinziani,68

G. De Nardo,68 D. Dong,68 J. Dorfan,68 D. Dujmic,68 W. Dunwoodie,68 E. E. Elsen,68 R. C. Field,68 T. Glanzman,68

S. J. Gowdy,68 T. Hadig,68 V. Halyo,68 T. Hryn’ova,68 W. R. Innes,68 M. H. Kelsey,68 P. Kim,68 M. L. Kocian,68

D. W. G. S. Leith,68 J. Libby,68 S. Luitz,68 V. Luth,68 H. L. Lynch,68 H. Marsiske,68 R. Messner,68 D. R. Muller,68

C. P. O’Grady,68 V. E. Ozcan,68 A. Perazzo,68 M. Perl,68 S. Petrak,68 B. N. Ratcliff,68 A. Roodman,68 A. A. Salnikov,68

R. H. Schindler,68 J. Schwiening,68 G. Simi,68 A. Snyder,68 A. Soha,68 J. Stelzer,68 D. Su,68 M. K. Sullivan,68 J. Va’vra,68

S. R. Wagner,68 M. Weaver,68 A. J. R. Weinstein,68 W. J. Wisniewski,68 M. Wittgen,68 D. H. Wright,68 C. C. Young,68

P. R. Burchat,69 A. J. Edwards,69 T. I. Meyer,69 B. A. Petersen,69 C. Roat,69 S. Ahmed,70 M. S. Alam,70 J. A. Ernst,70

M. A. Saeed,70 M. Saleem,70 F. R. Wappler,70 W. Bugg,71 M. Krishnamurthy,71 S. M. Spanier,71 R. Eckmann,72

H. Kim,72 J. L. Ritchie,72 A. Satpathy,72 R. F. Schwitters,72 J. M. Izen,73 I. Kitayama,73 X. C. Lou,73 S. Ye,73 F. Bianchi,74

M. Bona,74 F. Gallo,74 D. Gamba,74 C. Borean,75 L. Bosisio,75 F. Cossutti,75 G. Della Ricca,75 S. Dittongo,75

S. Grancagnolo,75 L. Lanceri,75 P. Poropat,75,‡ L. Vitale,75 G. Vuagnin,75 R. S. Panvini,76 Sw. Banerjee,77 C. M. Brown,77

D. Fortin,77 P. D. Jackson,77 R. Kowalewski,77 J. M. Roney,77 H. R. Band,78 S. Dasu,78 M. Datta,78

A. M. Eichenbaum,78 J. J. Hollar,78 J. R. Johnson,78 P. E. Kutter,78 H. Li,78 R. Liu,78 F. Di Lodovico,78 A. Mihalyi,78

A. K. Mohapatra,78 Y. Pan,78 R. Prepost,78 S. J. Sekula,78 P. Tan,78 J. H. von Wimmersperg-Toeller,78 J. Wu,78 S. L. Wu,78

Z. Yu,78 and H. Neal79

~BABARCollaboration!
1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
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63Universitàdi Roma La Sapienza, Dipartimento di Fisica and INFN, I-00185 Roma, Italy
64Universität Rostock, D-18051 Rostock, Germany

65Rutherford Appleton Laboratory, Chilton, Didcot, Oxon OX11 0QX, United Kingdom
66DSM/Dapnia, CEA/Saclay, F-91191 Gif-sur-Yvette, France

67University of South Carolina, Columbia, South Carolina 29208, USA
68Stanford Linear Accelerator Center, Stanford, California 94309, USA

69Stanford University, Stanford, California 94305-4060, USA
70State University of New York, Albany, New York 12222, USA

71University of Tennessee, Knoxville, Tennessee 37996, USA
72University of Texas at Austin, Austin, Texas 78712, USA

73University of Texas at Dallas, Richardson, Texas 75083, USA
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We report a measurement of the production ratio of charged and neutralB mesons fromY(4S) decays based
on the ratio of efficiency-corrected yields for the charmonium modesJ/cK1 andJ/cKs

0 with 81.9 fb21 of data
collected with theBABAR detector on theY(4S) resonance at 10.580 GeV. We find a value of 1.006

60.036(stat)60.031(syst) for the ratioR1/05G„Y(4S)→B1B2
…/G„Y(4S)→B0B̄0

….

DOI: 10.1103/PhysRevD.69.071101 PACS number~s!: 13.25.Hw, 13.25.Gv, 14.40.Nd
in
a
n

o
A measurement of theB1/B0 production ratio

R1/05
G„Y~4S!→B1B2

…

G„Y~4S!→B0B̄0
…

from theY(4S) meson is an essential element in determ
ing branching fractions and quark-mixing matrix elements
the B factory experiments. It can also provide informatio
07110
-
t

about the structure of theY(4S) meson that can be used t
discriminate between available models.

*Also with Universitàdella Basilicata, Potenza, Italy.
†Also with IFIC, Instituto de Fı´sica Corpuscular, CSIC–

Universidad de Valencia, Valencia, Spain.
‡Deceased.
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Over the past 15 years it has been frequently assumed
R1/0 is equal to one, although many models predict that t
may not be the case. Early calculations predicted that
ratio could be up to 20% greater than one, due to large C
lomb corrections@1#. Taking into account the structure of th
B andY(4S) reduces the effect of the Coulomb interacti
and can even lead to the ratio being less than unity@2#. With
the prospect of precision measurements from theB factories,
there has been a recent revival in theoretical work on
subject. A more detailed calculation has been done in a n
relativistic effective field theory withB* intermediate states
in the pion potential, which introduces isospin-breaking
strong interactions. These calculations predict a value 1
1.2 @3#. Other calculations attempting to take into account
structure of the mesons and hadronic final state interact
predict a ratio 0.9–1.2@4#, but with rapid variation as a func
tion of the center-of-mass energy near theY(4S) resonance.
For theY(4S), there are published measurements ofR1/0 by
CLEO (1.0460.0760.04 @5#, 1.05860.08460.136 @6#!,
BABAR (1.1060.0660.05 @7# with 20 fb21!, and Belle
(1.0160.0360.09 @8# with 29 fb21!. Now that a signifi-
cantly largerY(4S) data sample is available atBABARwe
can reduce the statistical uncertainty to the point where
possible to confront the various theoretical predictions.

In this analysis we use the decay modesB0→J/cKs
0 and

B1→J/cK1 @9#, where J/c→,1,2 and Ks
0→p1p2, to

measure theB1/B0 production ratio. These decays are go
candidates for measuringR1/0 since isospin violation in the
B→J/cK decays is expected to be small in the stand
model, of orderl3'0.01 @10# when rescattering is smal
wherel is defined as the sine of the Cabibbo angle.

The data used in this analysis were collected with
BABARdetector at the SLAC PEP-IIe1e2 storage ring. The
data sample corresponds to 81.9 fb21 of integrated luminos-
ity collected at theY(4S) resonance. The distribution o
center-of-mass energies due to the beam-energy spre
Gaussian withs54.6 MeV @11#. The mean energy of ou
sample is 10.580 GeV, with all data accumulated within o
sigma of this value.

The BABARdetector is fully described elsewhere@12#. It
consists of a charged-particle tracking system, a Cheren
detector~DIRC! for particle identification, an electromag
netic calorimeter, and a system for muon identification. T
tracking system consists of a five layer, double-sided silic
vertex tracker and a 40-layer drift chamber~filled with a
mixture of helium and isobutane!, both in a 1.5-T magnetic
field supplied by a superconducting solenoidal magnet.
DIRC is an imaging Cherenkov detector relying on total
ternal reflection in the radiator. The electromagnetic calor
eter consists of 6580 CsI~Tl! crystals. The iron flux return is
segmented and instrumented with resistive plate cham
for muon identification.

Hadronic events are selected by requiring the presenc
at least three tracks in the angular region 0.41,uLAB
,2.54 rad, whereuLAB is the polar angle with respect to th
electron beam direction. The ratio between the 2nd and
order Fox-Wolfram@13# moments must be less than 0.5. W
also require that the total energy of all particles in the ev
07110
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be greater than 4.5 GeV. The primary vertex, which is co
structed from charged tracks with an impact parameter
than 1 mm in the plane transverse to the beam direct
must be within 0.5 cm of the beam spot in the plane tra
verse to the beam direction and within 6 cm along the be
direction.

We reconstruct candidates forJ/c mesons in the decay
modesJ/c→e1e2 andm1m2. ForJ/c→e1e2 decays one
track is required to pass a tight electron selection and
other a loose requirement@7#, while for J/c→m1m2 decays
we require one track to pass a loose muon selection and
other a minimum-ionizing requirement@7#. The daughter
tracks of theJ/c candidate are required to have 12 hits in t
drift chamber, lie in the angular range 0.41,uLAB
,2.409 rad for electrons and 0.41,uLAB,2.54 rad for
muons and have a transverse momentum of at le
100 MeV/c. To increase the efficiency of the event selectio
the electron candidate tracks are combined with photon c
didates to recover some of the energy lost in bremsstrah
@7#. A geometric vertex constraint fit is applied to the lept
track pair. The invariant mass requirements for theJ/c
→e1e2 and J/c→m1m2 channels are 2.95,Me1e2

,3.14 GeV/c2 and 3.06,Mm1m2,3.14 GeV/c2. We re-
quire ucosu,u to be less than 0.8 and 0.9 forJ/c→e1e2 and
J/c→m1m2, respectively. The helicity angleu, is the angle
in the J/c rest frame between the positively chargedJ/c
daughter and the reversedK flight direction in theB meson
rest frame.

We reconstructKs
0 meson candidates from two charge

tracks, which are not required to originate from the intera
tion point or to have drift chamber hits, in contrast to theJ/c
daughters. The tracks are assigned the pion mass to com
Mp1p2, which is required to lie in the range
0.490– 0.505 GeV/c2. Also, in order to reject combinatoria
background, we only retain candidates with a fittedKs

0 vertex
displaced more than 1 mm from the primary vertex. Can
dates forK1 mesons are assigned the kaon mass and
required to form a vertex with theJ/c candidate. No particle
identification requirements are made for this track.

The selection ofB candidates relies on the kinematic co
straints given by theY(4S) initial state. Two largely uncor-
related variables are used: the energy-substitutedB mass

mES5A(s/21p0"pB)2/E0
22pB

2, where the subscripts 0 andB
refer to thee1e2 system and theB candidate, respectively,s
is the square of the center-of-mass energy, and energies~E!
and momentum vectors~p! are computed in the laborator

TABLE I. Summary of the resolution forDE in data and the
MC simulation.

Mode s(DE) ~MeV!

B J/c MC Data

B1 e1e2 11.4260.11 10.8760.25
B1 m1m2 9.7260.07 9.2560.20

B0 e1e2 9.5060.11 10.0260.42
B0 m1m2 7.9260.07 8.5260.32
1-4
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FIG. 1. Distribution ofmES for
uDEu,3s in the B0→J/cKs

0

sample for ~a! J/c→e1e2 and
~b! J/c→m1m2. Distribution of
DE for mES.5.27 GeV/c2 in the
B0→J/cKs

0 sample for ~c! J/c
→e1e2 and ~d! J/c→m1m2.
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frame; andDE5EB* 2As/2, whereEB* is the B candidate
energy in the center-of-mass frame. In cases where mul
B candidates are present in the same event, 2% of the tot
data and Monte Carlo~MC! simulations, only the one with
the smallest absolute value ofDE is retained.

The signal region in themES-DE plane is defined by
5.27,mES,5.29 GeV/c2 and uDEu,3s(DE). The ob-
served resolutions for data and MC simulations for the d
ferent modes are listed in Table I. ThemES sideband is de-
fined by 5.20,mES,5.27 GeV/c2 and uDEu,3s(DE).
Upper and lowerDE sidebands, used for the evaluation
systematic uncertainty, are defined as 50,DE,120 MeV
and2120,DE,250 MeV.

Since we are measuring the ratio ofB1 to B0 efficiency-
corrected yields many of the selection requirements are
common and have been optimized previously@7#. Therefore
for this analysis, we have only reconsidered the optimizat
of the statistical uncertainty of the measurement due to th
requirements that are different for the two modes. These
quirements include theKs

0 flight length, theKs
0 mass win-

dow, and theDE window. The optimization of these vari
ables maximizes the ratioNcand/As2(Ncand)1s2(Nbkg),
where s(Ncand) and s(Nbkg) are the uncertainties on th
number of signal candidatesNcand predicted by MC simula-
tion and combinatorial backgroundNbkg, respectively, that
pass the event selection procedure.Ncand is defined as the
number of events in the signal region.
07110
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We fit the mES distribution in themES sideband with an
empirical phase-space-motivated function introduced
ARGUS @14#. The fitted distribution is then integrated ove
the signal region to determine the number of combinato
background eventsNbkg. In addition to combinatorial back
grounds there are other background sources, mostly inB de-
cays to charmonium, that peak near theB mass inmES.
These peaking sources are negligible for the neutraB
sample, but include small contributions fromB0→J/cKs

0

and B1→J/cp1 for the chargedB sample. Requiring par-
ticle identifications on theK1 candidate will reduce thes
contributions but introduces a larger systematic uncertai
To determine the number of background events that pea
themES signal region,Npeak, we use appropriately combine

MC samples of continuume1e2 and generic@15# BB̄ events
~with signal events removed!, which have been scaled to th
integrated luminosity of the data sample. This distribution
then fitted with an ARGUS function as described above.
determineNpeak by counting the number of events in th
signal region and subtracting the integral of the ARGU
function over this same region. The signal yield is then d
fined byNsignal5Ncand2Nbkg2Npeak. The observed distribu-
tions in mES andDE for B0→J/cKs

0 andB1→J/cK1 can-
didates in data are shown in Figs. 1 and 2, respectively.

The efficiency-corrected ratio of observed events is giv
by
FIG. 2. Distribution ofmES for
uDEu,3s in the B1→J/cK1

sample for ~a! J/c→e1e2 and
~b! J/c→m1m2. Distribution of
DE for mES.5.27 GeV/c2 in the
B1→J/cK1 for ~c! J/c→e1e2

and ~d! J/c→m1m2.
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TABLE II. Summary of the relative systematic uncertainties on the efficiency-corrected yields.

Mode Parameters~%!

B J/c eTrk eK1/p1 eK
S
0

ARGUS
Bkgd.

Peaking
Bkgd.

Vary
Selection Total

B1 e1e2 – 0.6 – 0.5 0.1 0.1 0.8
B1 m1m2 – 0.6 – 0.6 0.4 1.0 1.4

B0 e1e2 1.3 – 1.8 0.8 0.1 0.2 2.4
B0 m1m2 1.3 – 1.8 0.5 0.1 1.3 2.6
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Nsignal
1 /e1

Nsignal
0 /~ f e0!

5R1/0
B~B1→J/cK1!

B~B0→J/cKs
0!

5R1/0
2G~B1→J/cK1!t1

G~B0→J/cK0!t0

where f 568.6060.27% @16# is the Ks
0→p1p2 branching

fraction, t1 /t051.08360.017 @16# is the ratio ofB1 and
B0 lifetimes, ande is the selection efficiency. Therefore, a
suming isospin invariance in theB→J/cK decay, G(B1

→J/cK1)5G(B0→J/cK0) @17#, the ratio of efficiency-
corrected yields is determined from

R1/05
Nsignal

1 e0f

2Nsignal
0 e1

t0

t1
. ~1!

The ratio of efficiency-corrected yields is determined se
rately forJ/c→e1e2 andJ/c→m1m2 so that lepton iden-
tification efficiencies cancel. The separate measurement
then averaged, keeping track of correlated uncertainties
produce a final value forR1/0.

Sources of systematic uncertainties can be classified
those arising from uncertainties on efficiencies and th
from candidate selection and backgrounds. The efficie
uncertainties are due toKs

0 reconstruction, tracking, an
kaon/pion tracking efficiency differences. In the ratio of t
efficiency-corrected yields, the tracking uncertainty is due
the extra track required to reconstruct theB0→J/cKs

0 mode.
We determine the relative kaon/pion tracking reconstruct
efficiency by comparing the ratio of efficiencies forB1

→J/cK1 and B1→J/cp1 Monte Carlo. The systemati
uncertainty of 0.6% is taken to be half the size of the e
mated difference. Finally, for the uncertainty on theKs

0 effi-
ciency we take a sample of inclusiveKs

0 candidates that are
binned in transverse momentum (pT), laboratory polar angle
07110
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are
to

to
e
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n

i-

(uLAB), and transverse flight length~dr!. A relative correc-
tion for the reconstruction of a displacedKs

0 candidate is
determined in eachpT anduLAB bin by assuming the track
ing efficiency for a short-livedKs

0 close to the interaction
region is the same as for prompt tracks. Thus, the ratio
data to MC relative efficiency is normalized to unity fo
small dr and then used to derive a MC correction factor f
larger displacements. By varying the size of thedr, pT , and
uLAB bins we determine a systematic uncertainty for this p
cedure. The normalization bin for the correction is well i
side the radius of the beam pipe. We vary the definition
this bin as a check of the hypothesis that these tracks h
the same efficiency as normal charged tracks.

The selection and background systematic uncertainties
attributed to the selection criteria, the ARGUS backgrou
shape, and the peaking background subtraction. The se
tion requirements on theKs

0 mass,Ks
0 flight distance, andDE

are varied within reasonable ranges. TheKs
0 mass andDE

selection windows were increased and decreased from
nominal value by half a sigma and theKs

0 vertex displace-
ment requirement was removed. The largest difference fr
the nominal efficiency-corrected yield is taken conser
tively as a systematic uncertainty. The continuum ba
ground systematic uncertainty is determined by varying
ARGUS parameter by two sigma to account for any mo
dependence. The peaking background uncertainty is ev
ated from the discrepancy between data and MC simulat
in the upper and lowerDE sidebands. The larger of the tw
discrepancies is taken as the systematic uncertainty. This
more conservative approach than using the uncertainties
the relevant branching fractions. Table II summarizes
sources of systematic uncertainty for this analysis.

Table III lists the efficiencies, background compositio
and number of events in the signal region based on the o
dimensional fit with a 3~s! DE requirement. Based on
Eq. ~1! we determine
TABLE III. Summary of values needed to determine the efficiency corrected yields.

Mode Parameters

B J/c Ncand Nbkg Npeak Efficiency ~%!

B1 e1e2 2213 19.565.0 9.663.2 40.860.4
B0 e1e2 502 2.662.0 2.461.5 29.960.4

B1 m1m2 2497 50.667.2 33.564.6 47.860.4
B0 m1m2 577 2.061.5 2.462.1 35.660.4
1-6
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R1/0~e1e2!51.01960.054~stat!60.031~sys!

R1/0~m1m2!50.99460.049~stat!60.033~sys!

R1/0~avg!51.00660.036~stat!60.031~sys!

when assuming isospin conservation inB→J/cK decays.
The data sample has a mean energy of 10.580 GeV and
not have sufficient spread to test the hypothesis of an ene
dependent production ratio.

We have confirmed that the result for the individu
efficiency-corrected signal yields for theJ/c→e1e2 and
J/c→m1m2 channels is consistent among seven equal s
sets of the full sample, as is the ratio ofe1e2/m1m2.

To check our fitting technique we have performed a tw
dimensional nonparametric fit to the data. This is done
fitting the data to a sum of contributions from five differe
sources@e1e2→qq̄, e1e2→cc̄, generic Y(4S)→B0B̄0,
genericY(4S)→B1B2, and signal# whose densities@18# in
DE andmES are determined from a nonparametric fit to ca
didates from Monte Carlo samples. The two-dimensiona
is done in the region 5.200,mES,5.270 GeV/c2 and 0.030
,uDEu,0.120 GeV. This technique has the advantage
we are not restricted to a small range inuDEu. It also em-
ploys the MC predicted background distributions, rather th
pe
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the empirical shape imposed by the ARGUS function. T
nonparametric fit method finds results that are consis
with the simpler counting method, both for the full samp
and for data subsets.

The observed value forR1/0 is close to one, as has bee
assumed by most branching fraction measurements obta
on theY(4S), with a ratio as large as 1.2 disfavored at t
four sigma level. Our measurement will aid in restrictin
models ofY(4S) decays. It also allows a quantitative dete
mination of the contribution fromR1/0 to all branching frac-
tions that are determined at theB factories operating on the
Y(4S) resonance.
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