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First Observation of the Cabibbo Suppressed DecayB1 ! D̄0K1

M. Athanas,1 P. Avery,1 C. D. Jones,1 M. Lohner,1 S. Patton,1 C. Prescott,1 J. Yelton,1 J. Zheng,1 G. Brandenburg,2

R. A. Briere,2 A. Ershov,2 Y. S. Gao,2 D. Y.-J. Kim,2 R. Wilson,2 H. Yamamoto,2 T. E. Browder,3 Y. Li, 3

J. L. Rodriguez,3 T. Bergfeld,4 B. I. Eisenstein,4 J. Ernst,4 G. E. Gladding,4 G. D. Gollin,4 R. M. Hans,4 E. Johnson,4

I. Karliner,4 M. A. Marsh,4 M. Palmer,4 M. Selen,4 J. J. Thaler,4 K. W. Edwards,5 A. Bellerive,6 R. Janicek,6

D. B. MacFarlane,6 P. M. Patel,6 A. J. Sadoff,7 R. Ammar,8 P. Baringer,8 A. Bean,8 D. Besson,8 D. Coppage,8

C. Darling,8 R. Davis,8 S. Kotov,8 I. Kravchenko,8 N. Kwak,8 L. Zhou,8 S. Anderson,9 Y. Kubota,9 S. J. Lee,9

J. J. O’Neill,9 R. Poling,9 T. Riehle,9 A. Smith,9 M. S. Alam,10 S. B. Athar,10 Z. Ling,10 A. H. Mahmood,10 S. Timm,10

F. Wappler,10 A. Anastassov,11 J. E. Duboscq,11 D. Fujino,11,* K. K. Gan,11 T. Hart,11 K. Honscheid,11 H. Kagan,11

R. Kass,11 J. Lee,11 M. B. Spencer,11 M. Sung,11 A. Undrus,11,† A. Wolf,11 M. M. Zoeller,11 B. Nemati,12

S. J. Richichi,12 W. R. Ross,12 H. Severini,12 P. Skubic,12 M. Bishai,13 J. Fast,13 J. W. Hinson,13 N. Menon,13

D. H. Miller,13 E. I. Shibata,13 I. P. J. Shipsey,13 M. Yurko,13 S. Glenn,14 Y. Kwon,14,‡ A. L. Lyon,14 S. Roberts,14

E. H. Thorndike,14 C. P. Jessop,15 K. Lingel,15 H. Marsiske,15 M. L. Perl,15 V. Savinov,15 D. Ugolini,15

X. Zhou,15 T. E. Coan,16 V. Fadeyev,16 I. Korolkov,16 Y. Maravin,16 I. Narsky,16 V. Shelkov,16 J. Staeck,16

R. Stroynowski,16 I. Volobouev,16 J. Ye,16 M. Artuso,17 F. Azfar,17 A. Efimov,17 M. Goldberg,17 D. He,17 S. Kopp,17

G. C. Moneti,17 R. Mountain,17 S. Schuh,17 T. Skwarnicki,17 S. Stone,17 G. Viehhauser,17 J. C. Wang,17 X. Xing,17

J. Bartelt,18 S. E. Csorna,18 V. Jain,18,§ K. W. McLean,18 S. Marka,18 R. Godang,19 K. Kinoshita,19 I. C. Lai,19

P. Pomianowski,19 S. Schrenk,19 G. Bonvicini,20 D. Cinabro,20 R. Greene,20 L. P. Perera,20 G. J. Zhou,20 M. Chadha,21

S. Chan,21 G. Eigen,21 J. S. Miller,21 M. Schmidtler,21 J. Urheim,21 A. J. Weinstein,21 F. Würthwein,21 D. W. Bliss,22 G.
Masek,22 H. P. Paar,22 S. Prell,22 V. Sharma,22 D. M. Asner,23 J. Gronberg,23 T. S. Hill,23 D. J. Lange,23

R. J. Morrison,23 H. N. Nelson,23 T. K. Nelson,23 D. Roberts,23 B. H. Behrens,24 W. T. Ford,24 A. Gritsan,24 J. Roy,24

J. G. Smith,24 J. P. Alexander,25 R. Baker,25 C. Bebek,25 B. E. Berger,25 K. Berkelman,25 K. Bloom,25 V. Boisvert,25

D. G. Cassel,25 D. S. Crowcroft,25 M. Dickson,25 S. von Dombrowski,25 P. S. Drell,25 K. M. Ecklund,25 R. Ehrlich,25

A. D. Foland,25 P. Gaidarev,25 L. Gibbons,25 B. Gittelman,25 S. W. Gray,25 D. L. Hartill,25 B. K. Heltsley,25

P. I. Hopman,25 J. Kandaswamy,25 P. C. Kim,25 D. L. Kreinick,25 T. Lee,25 Y. Liu,25 N. B. Mistry,25 C. R. Ng,25

E. Nordberg,25 M. Ogg,25,k J. R. Patterson,25 D. Peterson,25 D. Riley,25 A. Soffer,25 B. Valant-Spaight,25 and C. Ward25

(CLEO Collaboration)
1University of Florida, Gainesville, Florida 32611

2Harvard University, Cambridge, Massachusetts 02138
3University of Hawaii at Manoa, Honolulu, Hawaii 96822
4University of Illinois, Urbana-Champaign, Illinois 61801

5Carleton University, Ottawa, Ontario, Canada K1S 5B6 and the Institute of Particle Physics, Canada
6McGill University, Montréal, Québec, Canada H3A 2T8 and the Institute of Particle Physics, Canada

7Ithaca College, Ithaca, New York 14850
8University of Kansas, Lawrence, Kansas 66045

9University of Minnesota, Minneapolis, Minnesota 55455
10State University of New York at Albany, Albany, New York 12222

11The Ohio State University, Columbus, Ohio 43210
12University of Oklahoma, Norman, Oklahoma 73019
13Purdue University, West Lafayette, Indiana 47907

14University of Rochester, Rochester, New York 14627
15Stanford Linear Accelerator Center, Stanford University, Stanford, California 94309

16Southern Methodist University, Dallas, Texas 75275
17Syracuse University, Syracuse, New York 13244

18Vanderbilt University, Nashville, Tennessee 37235
19Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061

20Wayne State University, Detroit, Michigan 48202
21California Institute of Technology, Pasadena, California 91125
22University of California, San Diego, La Jolla, California 92093

23University of California, Santa Barbara, California 93106
24University of Colorado, Boulder, Colorado 80309-0390

25Cornell University, Ithaca, New York 14853
(Received 3 March 1998)

0031-9007y98y80(25)y5493(5)$15.00 © 1998 The American Physical Society 5493



VOLUME 80, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 JUNE 1998

We have observed the decayB1 ! D̄0K1, using 3.3 3 106 BB̄ pairs collected with the CLEO II
detector at the Cornell Electron Storage Ring. We find the ratio of branching fractionsR ; BsB1 !

D̄0K1dyBsB1 ! D̄0p1d ­ 0.055 6 0.014 6 0.005. [S0031-9007(98)06422-9]

PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

Several authors [1] have devised methods for measur-
ing the phaseg ø argsV p

ubd of the Cabibbo-Kobayashi-
Maskawa (CKM) [2] unitarity triangle, using decays of
the typeB ! DK . Comparison between these measure-
ments and results from otherB and K decays may be
used to test the CKM model ofCP violation. CP viola-
tion could be manifested inB ! DK in the interference
between āb ! c̄ and ab̄ ! ū amplitude, detected when
theD meson is observed in a final state accessible to both
D0 andD̄0.

The data used in this analysis were produced ine1e2

annihilations at the Cornell Electron Storage Ring (CESR),
and collected with the CLEO II detector [3]. The data
consist of3.1 fb21 taken at theY(4S) resonance, con-
taining approximately3.3 3 106 BB̄ pairs. To study the
continuume1e2 ! qq̄ background, we use1.6 fb21 of
off-resonance data, taken 60 MeV below theY(4S) peak.

We reconstructD̄0 candidates in the decay modes
K1p2, K1p2p0, or K1p2p1p2 (reference to the
charge-conjugate state is implied). Pion and kaon candi-
date tracks are required to originate from the interaction
point and satisfy criteria designed to reject spurious tracks.
Muons are rejected by requiring that the tracks stop in
the first five interaction lengths of the magnet return
iron. Electrons are rejected using their specific ionization
in the drift chamber (dEydx) and the ratio of the track
momentum to the associated calorimeter shower energy.
The D̄0 daughter tracks are required to havedEydx con-
sistent with their particle hypothesis to within 3 standard
deviations (s). Neutral pion candidates are reconstructed
from pairs of isolated calorimeter showers with invariant
mass within 15 MeV (approximately2.5s) of the nominal
p0 mass. The lateral shapes of the showers are required
to be consistent with those of photons. We require a
minimum energy of 30 MeV for showers in the barrel part
of the calorimeter, and 50 MeV for end cap showers. At
least one of the twop0 showers is required to be in the
barrel. Thep0 candidates are kinematically fitted with
the invariant mass constrained to be thep0 mass.

The invariant mass of thēD0 candidate,MsDd, is
required to be within 60 MeV of the nominal̄D0 mass.
The MsDd resolution, sMsDd, is 9 MeV in the K1p2

mode, 13 MeV in theK1p2p0 mode, and 7 MeV in the
K1p2p1p2 mode. The looseMsDd requirement leaves
a broad sideband to assess the background.

B1 candidates are formed by combining aD̄0 candidate
with a “hard” kaon candidate track. For eachB1 can-
didate, we calculate the beam-constrained mass,Mbc ;p

E2
b 2 p2

B, where pB is the B1 candidate momentum
andEb is the beam energy.Mbc peaks at the nominalB1

mass for signal, with a resolution ofsMbc
­ 2.6 MeV, de-

termined mostly by the beam energy spread. We accept
candidates withMbc . 5.230 GeV. We define the en-
ergy difference,DE ; ED 1

p
p2

K 1 M2
K 2 Eb , where

ED is the measured energy of thēD0 candidate,pK is
the momentum of the hard kaon candidate, andMK is the
nominal kaon mass. Signal events peak aroundDE ­ 0,
with a resolution of 24 MeV in theK1p2 mode, 27 MeV
in theK1p2p0 mode, and 20 MeV in theK1p2p1p2

mode. We require2100 , DE , 200 MeV.
The largest source of background is the Cabibbo al-

lowed decayB1 ! D̄0p1, distributed aroundDE ­
48 MeV. Taking into account correlations between
DE and MsDd, the DE separation between signal and
B1 ! D̄0p1 is about2.3s in all three modes. The only
additional variable which provides significantK 2 p

separation isdEydx of the hard kaon candidate. The
dEydx separation between kaons and pions in the rele-
vant momentum range of2.1 2.5 GeV is approximately
1.5s. Our dEydx variable is chosen such that pions
are distributed approximately as a zero-centered, unit-rms
Gaussian, and kaons are centered around21.4, with a
width of about 0.9.

Other sources ofBB̄ background areB ! D̄pp1,
B1 ! D̄0r1, and events with a misreconstructed̄D0

which pass the selection criteria. SuchBB̄ events tend
to have lowDE and broadMbc distributions. Continuum
e1e2 ! qq̄ events also contribute to the background.
We reject 69% of the continuum and retain 87% of the
signal by requiringj cosusj , 0.9, whereus is the angle
between the sphericity axis of theB1 candidate and that
of the rest of the event. The sphericity axis,s, of a
set of momentum vectors,hpij, is the axis for whichP

i jpi 3 sj2 is minimized.
In addition to the above variables, discrimination be-

tween signal and continuum background is obtained from
cosuB, cosine of the angle between theB1 candidate
momentum and the beam axis, and by using a Fisher dis-
criminant [4]. The Fisher discriminant is a linear com-
bination, F ;

P11
i­1 aiyi , where the coefficientsai are

chosen so as to maximize the separation betweenBB̄ and
continuum Monte Carlo samples. The eleven variables,
yi , are j cosuthr j (cosine of the angle between theB1

candidate thrust axis and the beam axis), the ratio of the
Fox-Wolfram momentsH2yH0 [5], and the total momen-
tum of tracks and showers from the rest of the event in
each of nine,10± angular bins centered around the candi-
date’s thrust axis. Signal events peak aroundF ­ 0.4,
while continuum events peak atF ­ 2, both with ap-
proximately unit-rms.
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Of the events, 18.8% have more than oneB1 candidate,
reconstructed in any of the three modes, which satisfies
the selection criteria. In such events we select the best
candidate, defined to have the smallestx2 ; fsMbc 2

MBdysMbc
g2 1 hfMsDd 2 MDgysMsDdj2, whereMB and

MD are the nominalB and D masses, respectively. We
verify that the distribution of the number of candidates per
event in the Monte Carlo agrees well with the data.

The efficiency of signal events to pass all the require-
ments is0.4412 6 0.0029 for theK1p2 mode,0.1688 6

0.0016 for the K1p2p0 mode, and0.2186 6 0.0024 for
the K1p2p1p2 mode. The efficiencies are determined
using a detailedGEANT-based Monte Carlo simulation [6],
and the errors quoted are due to Monte Carlo statistics.

The number of events observed to satisfy the selection
criteria, Ne, is 1221 in theK1p2 mode, 5249 in the
K1p2p0 mode , and 7353 in theK1p2p1p2 mode.
The fraction of signal events in the data sample is found
mode-by-mode using an unbinned maximum likelihood
fit. We define the likelihood function

L ­
NeY

e­1

"
7X

t­1

Ptsedft

#
, (1)

wherePtsed is the normalized probability density function
(PDF) for events of typet, evaluated on evente, andft is
the fraction of such events in the data sample. The seven
event types in the sum are (1) signal, (2)B1 ! D̄0p1,
(3) B ! D̄pp1 1 D̄0r1, (4) a hard kaon or (5) pion in
combinatoricBB̄ events with a misreconstructed̄D0, and
(6) a hard kaon or (7) pion in continuum events. The fit
maximizesL by varying the seven fractions,ft , subject
to the constraint

P
t ft ­ 1.

The PDF’s are analytic, six-dimensional functions of
the variablesDE, dEydx of the hard kaon candidate,
MsDd, Mbc, F , and cosuB. The PDF’s are mostly prod-
ucts of six one-dimensional functions, except for correla-
tions betweenDE, MsDd, andMbc in the B1 ! D̄0K1

and B1 ! D̄0p1 PDF’s. The PDF parametrization of
the different event types is described below.

The dEydx distributions ofK6, p6 are parametrized
using a Gaussian distribution, whose parameters depend
linearly on the track momentum. The parametrization
is determined by studying pure samples of kaons and
pions in data, tagged in the decay chainDp1 ! D0p1,

D0 ! K2p1. The parametrization in the other variables
is obtained from the off-resonance data for the continuum
PDF’s and from Monte Carlo for theBB̄ PDF’s.

The distribution of B1 ! D̄0K1 and B1 ! D̄0p1

events in DE, MsDd, Mbc space is parametrized using
the sum of two three-dimensional Gaussians, which are
rotated to account for correlations whose magnitudes
are obtained from Monte Carlo. Such correlations are
essentially absent from the distribution ofB ! D̄pp1 1

D̄0r1 events, due to the requirementDE . 2100 MeV.
In turn, this requirement introduces a small asymmetry
in the MsDd distribution of these events, which we
parametrize using a Gaussian plus a bifurcated Gaussian.
The sum of two Gaussians is used to parametrize theMbc

andDE distributions of such events.
For BB̄ events with a misreconstructed̄D0 we use

a third-order polynomial to parametrize theDE dis-
tribution, and a first-order polynomial plus a Gaussian
for the MsDd distribution. The Gaussian models
the peaking which arises due to the selection of the
best candidate in the event. TheMbc distribution is
parametrized using the ARGUS function,fsMbcd ~

Mbc

p
1 2 sMbcyEbd2 exph2af1 2 sMbcyEbd2gj, plus

a Gaussian, which reflects mostlyB ! D̄spdp1 or
B1 ! D̄0r1 events in which we misreconstruct aD̄0.

We use a first-order polynomial to parametrize the
DE distribution of continuum events, and a first-order
polynomial plus a Gaussian for theirMsDd distribution.
The Gaussian peaking is due both to realD̄0’s and
to the selection of the best candidate in the event.
The Mbc distribution is parametrized using an ARGUS
function whose sharp edge is smeared to account for the
beam energy spread, by adding a bifurcated Gaussian.
We use the function1 2 j cos2 uB to parametrize the
cosuB distributions, and bifurcated Gaussians for theF
distributions.

The results of the maximum likelihood fits are sum-
marized in Table I. Averaging over the three modes,
we find R ; BsB1 ! D̄0K1dyB sB1 ! D̄0p1d ­
0.055 6 0.014 (statistical). This is consistent with the
value s fKyfp d2 tan2 uc ø 0.07, expected from factor-
ization, with a2 ø a1 [7]. The x2 of the average is
1.2 for 2 degrees of freedom, indicating the consistency
among the results obtained with the three decay modes.

TABLE I. Results of the maximum likelihood fits.NDK and NDp are the numbers of
B1 ! D̄0K1 and B1 ! D̄0p1 events found in the fit, respectively. Errors are statistical
only. The statistical significance of the signal yield is determined from22 ln L by fixing the
number of signal events at zero and refitting the data.

Mode: K1p2 K1p2p0 K1p2p1p2

NDK 16.5 6 5.9 13.5 6 8.7 21.5 6 7.8
NDp 240 6 15 379 6 22 326 6 20
NDK significance 4.2s 1.8s 3.8s

NDK yNDp 0.069 6 0.026 0.035 6 0.023 0.066 6 0.025
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To illustrate the significance of the signal yield, contour
plots of 22 ln L vs the number ofB1 ! D̄0K1 and
B1 ! D̄0p1 events are shown in Fig. 1. The curves
representns contours, corresponding to the increase in
22 ln L by n2 over the minimum value.

The quality of the fit is illustrated in Fig. 2a, show-
ing projections of the data ontodEydx and DE
for events in the B1 ! D̄0K1 region, defined by
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FIG. 1. Contour plots of22 ln L as a function ofNDK and
NDp , the number ofB1 ! D̄0K1 and B1 ! D̄0p1 events
found in the fit, respectively. The dashed line marks the3s
contour. (a)D̄0 ! K1p2; (b) D̄0 ! K1p2p0; (c) D̄0 !
K1p2p1p2. Note that theNDp axis has a suppressed zero.

F , 1.6, jMbc 2 5280 MeVj , 5 MeV, jMsDd 2

1864.5 MeVj , 20 MeV, 250 , DE , 10 MeV,
dEydx , 20.75 (the cut is not applied to the vari-
able plotted). Requiring that events fall within this
B1 ! D̄0K1 region reduces the signal efficiency by
about 50%, but strongly suppresses the background.
Overlaid on the data are projections of the fit function.
The fit function is the sum of the PDF’s, each weighted
by the number of corresponding events found in the fit
and multiplied by the efficiency of the corresponding
event type to be in theB1 ! D̄0K1 region. In Fig. 2b
we show projection plots for events in theB1 ! D̄0p1

region, defined by0 , DE , 100 MeV, jdEydxj , 2.5,
and with the same requirements onF , Mbc, and MsDd
as in theB1 ! D̄0K1 region. These projections demon-
strate that the fit function agrees well with the data in
the regions most highly populated by signal and the most
pernicious background, and provides confidence in our
modeling of the tails of theB1 ! D̄0p1 distributions.

Projections ontoMbc for events in the signal region
(Fig. 3) illustrate the relative contributions and distri-
butions of signal and background events. OnlyB1 !

D̄0K1 andB1 ! D̄0p1 events peak significantly around
Mbc ­ MB, despite the selection of the best candidate in
the event.

We conduct several tests to verify the consistency of
our result. The fit is run on off-resonance data and on
Monte Carlo samples containing the expected distribution
of background events with no signal. In both cases the
signal yield is consistent with zero. We also fit the data
without making use ofF or dEydx, and obtain results
consistent with those of Table I, with increased errors.
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FIG. 2. Projections onto thedEydx andDE axes of the data
(points) and fit function (solid curves), summed over the three
modes. The dashed and dotted curves are theB1 ! D̄0K1 and
B1 ! D̄0p1 contributions to the fit functions, respectively.
(a) B1 ! D̄0K1 region; (b)B1 ! D̄0p1 region.
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We find the branching fractionBsB1 ! D̄0p1d ­
s4.82 6 0.19d 3 1023 (statistical error only), in agree-
ment with previous CLEO measurements [8]. The ratio
between theB ! D̄pp1 1 D̄0r1 and B1 ! D̄0p1

yields obtained from the fit is consistent with the mea-
sured branching fractions of these decays [9]. In addition,
our B1 ! D̄0K1 result is consistent with that of a sim-
pler, though less sensitive method, used to analyze the
same data [10].

Many systematic errors cancel in the ratioR. We
assess systematic errors due to our limited knowledge
of the PDF’s by varying all the PDF parameters by
61 standard deviation in the basis in which they are
uncorrelated, where the magnitude of a standard deviation
is determined by the statistics in the data or Monte
Carlo sample used to evaluate the PDF parameters. The
systematic error inR due to Monte Carlo statistics is
0.0033. The error due to statistics in the data sample used
to parametrize thedEydx distributions is 0.0028, and the
error due to statistics in the off-resonance data sample
is 0.0017. We assign a systematic error of 0.0005 due
to the uncertainty in the average beam energy, which we
estimate to be60.16 MeV by using the peak of theMbc

distribution ofB1 ! D̄0p1 events. The total systematic
error is 0.0047.

In summary, we have observed the decayB1 ! D̄0K1

and determined the ratio of branching fractions

R ­
BsB1 ! D̄0K1d
B sB1 ! D̄0p1d

­ 0.055 6 0.014 6 0.005 .

(2)

Combining this result with the CLEO II measurement [8]
B sB1 ! D̄0p1d ­ s4.67 6 0.22 6 0.40d 3 1023, we
obtain BsB1 ! D̄0K1d ­ s0.257 6 0.065 6 0.032d 3

1023.
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