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We report branching fraction measurements for exclusive decays of charged and Benteabns into
two-body final states containing a charmonium meson. We use a sample of-ZR3@2million BB events
collected between October 1999 and October 2000 wittBthBARdetector at the PEP-II storage rings at the
Stanford Linear Accelerator Center. The charmonium mesons considered hdfeyaig(2S), andy.,, and
the light meson in the decay is eitheiaK*, or 7.

DOI: 10.1103/PhysRevD.65.032001 PACS nuntder13.25.Hw, 11.30.Er

I. INTRODUCTION accompanying the charmonium meson in the final state.

D B 10 two bodv final stat aini Here we report the measurement of branching fractions of
ecays ofs mesons to two body Tinal stales containing ag ja56ns to a charmonium resonance accompanied by a

charmonium resonanced/y,#/(2S),x1) constitute a very |,4n 6120 meson. The channels measured are listed in Table
sensitive laboratory for the study of electroweak transitions; eare and throughout this paper for each final state men-
as well as the dynamics of strong interactions in heavy Megoneq jts charged conjugate is also implied. We reconstruct
son systems. In particular, neutrBl decays to these final J/ decays to lepton pails'| ~, wherel is either an electron
states are expected to exhibit a signific@fasymmetry, the o muon.
magnitude of which is clearly related to standard model pa- Qur large data sample permits a measurement of these
rameterg 1]. branching fractions with a precision superior to previous ex-
The tree level and leading penguin diagrams for the decageriments. The simultaneous measurement of a number of
modes we consider are shown in Fig. 1. Because of the corfinal states allows us to determine ratios such as vector to
tributions of nonperturbative QCD interactions in the final pseudoscalar kaon and heavy to light charmonium states pro-
state, assumptions must be made in estimating the expected

branching fractions of these modes, and therefore these esti- @ b = I, W(2S), Ye1
mates have some degree of model dependence. A number of — _%
such estimates have appeared in the literaf@rel2]. The B.B w > K
one model-independent element common to all of these pre- au BT
dictions is the requirement from isospin symmetry that the
ratio of the charged to neutral partial widths should be unity, () nel gG 6 g
and that this should hold separately for each light meson /N’\Ggﬁgz Iy, W(28), Yer
b s,d
BB W KK,
* Also with Universitadi Perugia, Perugia, Italy. &3
TAlso with Universitadella Basilicata, Potenza, Italy. FIG. 1. Leading Feynman diagrams for the decays we consider.
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TABLE I. Branching fractions and decay modes considered inThe light is internally reflected along the length of the bar
this paper. We always reconstruct they in thel I~ decay mode. into a water-filled stand-off box mounted on the rear of the
detector. The Cherenkov rings expand in the stand-off box

Branching fraction Secondary decay and are measured with an array of photomultiplier tubes
measured modes used mounted on its outer surface. A C8l) crystal electromag-
BO— 3/ yK® KO K KOst = or 0@ netic calorimeteEMC) is used to detect photons and neu-

Ko_>K§’ S tral hadrons, as well as to identify electrons. The resolution

B J/yK i t of the calorimeter is parametrized as

0 *0 *0 + - 0_0. 1,0 +, -
B+—>J/I/IK X K +HK +’7T ; or ng+, Ksoﬂﬂ' +71' ) o(E) 2 3%
BT —J/yK* K¥*—K*'7? orKgm™; Kg—7" = 172$1.9%. (2)
BO— J/ yrr® - E [E(GeV)]

0 0 - .
B = (29)Ks (29— L Orf/lﬁ” o The EMC is surrounded by a superconducting solenoid that

Kg—m"m

produces a 1.5-T magnetic field. The instrumented flux re-
turn (IFR) consists of multiple layers of resistive plate cham-
N > bers(RPQ interleaved with the flux return iron. In addition
Bo HXClK*O Xer— Iy o e to the planar RPC layers in the flux return, there is an addi-
B™— Xe1K Xa— gy, K=K tional cylindrical layer just outside of the EMC. The IFR is
used in the identification of muons and neutral hadrons.
Data acquisition is triggered with a two-level system. The

B —y(2S)K* Y(2S) =111 or y(2S) =l wt 7w
BO_’XclKg Xaa—Jd ¢y, Kg_>77+77_

duction. Many systematic errors cancel when these ratios arg . . . :

. . _ itst level (level 1) monitors trigger information from the
extr.acted.fro.m a smgle.data set using very similar event SBCH and EMC, and generates a trigger upon detection of
lection criteria, further increasing the usefulness of our re- '

" . frack or cluster candidates. The second ldimlel 3 retains
sults for the validation or development of phenomenologica in which th K did int back he b
models. events in which the track candidates point back to the beam

Another highly relevant input for the understanding Ofmteractmn regior(L3 DCH triggey, or EMC clusters candi-

. : . X dates remain after the suppression of hits which have less
strong interactions iB decays is the measurement of polar-

RN i e X energy than a minimum ionizing particle or are uncorrelated
ization in vector-vector final states, which is reported in an-. gy gp

other publication13]. Finally, the branching fraction oB n t'Te W'th_the rest of the _ever(LS EMC triggep. Over
—.J/y is measured using a specific analysis method, re99-9% Of BB events pass either the L3 DCH or L3 EMC

ported in[14]. trigger. A fraction of all events that pass the level 1 trigger
are passed through level 3 to allow monitoring of the level 3
Il. THE BABAR DETECTOR trigger performance.
The BABARdetector is located at the PEPdle™ stor- IIl. DATA SAMPLE
age rings operating at the Stanford Linear Accelerator Cen-
ter. At PEP-II, 9.0 GeV electrons collide with 3.1 GeV pos- The data used in these analyses were collected between
itrons to produce a center-of-mass energy of 10.58 GeV, thectober 1999 and October 2000 and correspond to an inte-
mass of theY (4S) resonance. grated luminosity of 20.7 fb' taken on theY (4S) and 2.6
The BABARdetector is described elsewhdis); here we  fb™* taken off-resonance at an energy 0.04 GeV lower than
give only a brief overview. Surrounding the interaction pointthe peak, which is below the threshold BB production.
is a 5 layer, double-sided silicon vertex trackBVT) which  The data set contains 22 ¥9.36 million BB events.
gives precision spatial information for all charged particles,
and also measures their energy losE/@k). The SVT is the
primary detection device for low momentum charged par-
ticles. Outside the SVT a 40-layer drift chamBBxCH) pro- We use a right-handed coordinate system with zleeis
vides measurements of the transverse momemtaof  along the electron beam direction apdxis upwards, with
charged particles with respect to the beam direction. Therigin at the nominal beam interaction point. Unless other-
resolution of thepy measurement for tracks with momenta wise stated, kinematic quantities are calculated in the rest

IV. COORDINATE SYSTEM AND REFERENCE FRAMES

above 1 GeW¢ is parametrized as frame of the detector. The other reference frame we com-
0) monly use is the center of mass of the colliding electrons and
ag i i i -of-
Pt —0.13p7(GeV/c) %+ 0.45%. 1) positrons, which we will call the center-of-mass frame.

T

. . - V. PARTICLE RECONSTRUCTION
The drift chamber also measureE/dx with a precision of

7.5%. Beyond the outer radius of the DCH is a detector of The reconstruction of exclusive decays begins with
internally reflected Cherenkov radiatigfdIRC) which is identifying candidates for the decay products. Charged par-
used primarily for charged hadron identification. The detecticles are reconstructed as tracks in the SVT and/or DCH.
tor consists of quartz bars in which Cherenkov light is pro-Leptons and kaons are identified with information from the
duced as relativistic charged particles traverse the materiaDCH, the EMC(for electron$, the IFR(for muons, and the

032001-6
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TABLE Il. Summary of electron identification criteria. Variables

PHYSICAL REVIEW B5 032001

used afedd, the energy loss measured in the D@p, the ratio

of the EMC cluster energy to the momentum measured in the tracking spectromgferthe number of EMC crystals forming the cluster;
LAT, the lateral energy distributiofil6] of the EMC cluster;A,,, one of the Zernike momen{47] of the EMC cluster; and), the
Cherenkov angle measured in the DIRC. In addition, the fraction of electrons in inclligivevents that pass each set of criteria is shown,
along with the fraction of pions with momentum above 1 GeYHat pass the selection requirements.

DCH only Loose Tight Very tight
dE/dx (measured-expected —210 +4 0meas —310 +7 0meas —310 +7 0meas —210 +4 0 meas
E/p - 0.65-5.0 0.75-1.3 0.89-1.2
Nerys - >3 >3 >3
LAT - - 0.0-0.6 0.1-0.6
A - - - <0.11
0c (measured-expectgd - - - —3 10 +3 O meas
Efficiency (%) 94.9 97.2 954 88.2
7 misID (%) 21.6 4.8 1.2 0.1

DIRC (for kaong. Photons are identified based on their en-
ergy deposition in the EMC, anISIE are identified from ei-
ther energy deposition in the EMC or a shower in the IFR.

A. Track selection

D. Electron and muon identification

We derive substantial background rejection from the posi-
tive identification of electrons and muons within the sample
of charged tracks. For electrons, the variables that distinguish
signal from background include LAT andl,,, the ratio of
energy measured in the EMC to momentum measured in the

In general, tracks used in this analysis are required taracking spectrometere/p), dE/dx measured in the DCH,
include at least 12 DCH hits to ensure that their momentand the Cherenkov anglé- measured in the DIRC.
and &E/dx are well measured. In addition, tracks are required For identifying muons, the presence of an energy deposi-

to havep>100MeV/c, and to point back to the nominal
interaction point within 1.5 cm ixy and 3 cm inz. Roughly

tion consistent with a minimum ionizing particle in the
EMC, and the details of the distribution of hits in the IFR are

95% of the solid angle about the interaction point in theused. In particular, the number of interaction lengths tra-

center-of-mass frame is covered by 12 or more DCH layersversed in the IFRN, must be consistent with expectations
We make exceptions to this requirement for two types offor a muon, both the average and variance of the number of

particles: pions fronK2, which do not originate at the nomi- hits per layer must be small, and the fit of a track to the hits

nal interaction point, and pions fron#(2S)—J/ 7" 7™,

must have lowy?, both within the IFR §Z) and in the

which frequently do not have sufficient transverse momentanatch between the IFR and central detector tra(zﬂgagj).

to traverse 12 layers of the DCH. Any track found in the
DCH or SVT is used in reconstructing these particles.

B. EMC cluster reconstruction

The energy deposited in contiguous crystals of the EM
is summed into a cluster. The distribution of energy amon

the crystals is used to discriminate between clusters arisin
from electromagnetic and hadronic showers. The variable

used to describe this distribution are the lateral enélrgil )
[16] and the Zernike moments,,,[17]. LAT is a measure of
the radial energy profile of the cluster; the Zernike momen
A4, measures the asymmetry of the cluster about its max

0.25 andA,, close to zero, while showers from hadrons have
a broader distribution in LAT and extend to larger values of

A42 .

C. Photon candidate selection

Photons are identified as EMC clusters that do not have

Since the optimal tradeoff between efficient selection and
suppression of backgrounds varies between decay modes,
there are several sets of criteria used to select leptons. These
are defined in Table Il for electrons and Table Il for muons.

dn addition to these criteria, we also restrict the lepton selec-

ion to a fiducial region within which the efficiency is well
nown from control samples, and the material in the detector
accurately modeled in the Monte Carlo. The accepted

range in polar angle is 0.416< 6<2.409rad for electrons
and 0.36< #<2.70rad for muons. This corresponds to a cov-
rage of 84% of the solid angle in the center-of-mass frame

for electrons, and 92% for muons.

mum. Electromagnetic showers have LAT peaked at about

To increase the efficiency of the event selection, electron
andidate tracks are combined with photon candidates to re-
cover some of the energy lost through bremsstrahlung. In
addition to the photon selection criteria listed above, photons
used in bremsstrahlung recovery are required to haye
<0.25. They are also required to be within 35 mradéin
from the track, and to have azimuthal anglantermediate
between the initial track direction and the centroid of the

C

spatial match with a charged track, and that have a minimurEMC cluster arising from the track. The initial track direc-

energy of 30 MeV. To reject clusters arising from noise hits,

LAT is required to be less than 0.8.

tion is estimated by subtracting 50 mrad opposite to the bend
direction from the¢ of the fitted track measured at the ori-
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TABLE lll. Summary of muon identification criteria. Variables used &gy, the energy deposited by
the muon candidate in the EMhis requirement is only applied for tracks within the fiducial coverage of the
EMC); Niayers the number of IFR layers with hitdy,, the number of nuclear interaction lengths traversed,;
[N, — N, (exp), the difference between the number of nuclear interaction lengths traversed and the expecta-
tion for a muon of the measured momentufN;,;), the average number of hits per IFR layer; RiMiShe
RMS of the distribution of the number of hits on each layfgy;, the fraction of layers between the innermost
and outermost hit layers that also have liitss requirement is only applied in the region covered partly or
entirely by the endcap IFR system, 8.8<1.0); xxr, the 2 of the track in the IFR; ang?.,., the x? of
the match between the IFR track and the track from the central detector. In addition, the fraction of muons in
inclusiveJ/ ¢ events that pass each set of criteria is shown, along with the fraction of pions with momentum
above 1 GeW¢ that pass the selection requirements.

Very Loose Loose Tight Very tight
Eevc (GeV) <0.5 <0.5 0.05-0.4 0.05-0.4
Nlayers >1 >1 >1 >1
N, >2 >2 >2.2 >2.2
[N, — N, (exp) <2.5 <2.0 <1 <0.8
(Nniv) <10 <10 <8 <8
RMS,; <6 <6 <4 <4
frit >0.1 >0.2 >0.3 >0.34
XIZFR - <4X Nlayers <3X Nlayers <3X Nlayers
szatch - <7X Nlayers <5X Nlayers <5X Nlayers
Efficiency (%) 99.6 92.2 86.2 70.3 67.0
7 misID (%) 57.9 14.5 7.0 2.4 2.1

gin. The procedure increases the efficiency for reconstructingndcap are rejected to reduce the contribution from beam
charmonium decays te*e~ by about 30%. backgrounds.

E. K° candidate selection VI. EVENT SELECTION AND B MESON COUNTING

We identify neutral hadrons through the presence of an A determination o8 meson branching fractions depends
energy deposition in the EMC or a cluster in the IFR. Neutralupon an accurate measurement of the numb&rraesons in
hadrons must be spatially separated from all tracks in théhe data sample. We find the number®B pairs by com-
event. In reconstructing the decsﬁ—d/z/xKE neutral had- Paring the rate of multihadron events in data taken on the
rons are taken ak candidates, with requirements specifi- Y (4S) resonance to that in data taken off-resonance.Be
cally tailored for this mode. purity of the sample is enhanced by requiring the events to

Only the measured direction of the neutral hadron is use2SS the following selection criteria, in which all tradks-

for KO ructi " ) | d. Th cluding those that do not satisfy our usual selection require-
or R reconstruction, as 1ts énergy 1S poorly measured. ?‘nentg in the fiducial region 0.41€ §<2.54 rad and all neu-

direction of theKE candidate is defined by the line joining 5] clusters with energy greater than 30 MeV in the region

the vertex of thel/ ¢ candidate and the centroid of the EMC 0.410< #<2.409rad are considered:

or IFR cluster. The event must satisfy either the L3 DCH or L3 EMC

For aKE to reach the IFR it must traverse the EMC ma- trigger.

terial, which amounts to approximately one nuclear interac- Thgre must.be at Iea;t three'trac.ks tha’F satisfy the standard

tion length. As a consequence, half of ti§ mesons un- Selection requirements in the fiducial region.

dergo detectable interactions in the EMC. We consider EMC The ratio of the second to the zeroth Fox-Wolfram mo-

clusters with energy in the 0.2—2.0 GeV range. Most cluster§€nt[18] must be less than 0.5. o

arising from KE interactions have energy below the upper The gvent verte>§ IS palculated by an iterative procedure
s - .__that begins by considering every track in the event, and then

bound; below the lower bound the contamination from noise

becomes significant. All such EMC clusters which are s;pafj iscards those that contribute a largeto the fit (these are

l dqf K dered did presumed to arise from the decay of long-lived particles
tially separated from a track are consideredgwandidates, il the vertex fit is stable. This vertex must be within 0.5

except those that combined with another neutral cluster givgy, of the beam spot center ky and within 6 cm inz. The

an invariant mass compatible withzl. beam spot has a rms width of about 126 in x, 5.9 um in
About 60% ofK{ mesons fromB°—J/yK? leave a de- y, and 0.9 cm irz. The point of closest approach of a high-

tectable signal in the IFR. We seldcf candidates in the IFR  momentum track to the beam spot is measured with a reso-

starting with clusters of hits not spatially matched to a tracklution of 23 um in x andy, and 29um in z, as determined

IFR clusters with hits only in the outer layers of the forward with dimuon events.
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TABLE IV. Summary of observed invariant mass or mass dif- using the known branching fraction. Otherwise, selection
ferenceAm widths for all intermediate mesons considered in thisvalues similar to those in previously-observed modes are
paper. For most mesons the width is dominated by experimentahken as a starting point, and then modified to reduce back-
resolution, and the value reported in the table is the widtom a  ground(as measured in the kinematic sidebaratsincrease
Gaussian fit to the data. For tl& modes the natural width of the signal efficiency(as measured using Monte Carlo simulated
resonance do_minates, and the velue reported is the full wi(_:lth of §ignal events In most cases, we find thSl\/m does not
E)ree't;\é\ﬁg;e;?;;?;:}?hifat'hz'i;’:ﬁth idgﬁ:rlg‘/’tﬁis)eng;f?fst chenge eignifica_ntly when selection values are varied near
through bremsstrahlung K their optima. This aI_Iows us to choose standard selection

' values across most final states.

Quantity Decay mode Width (Me¢f)
A. Charmonium meson candidate selection
J/ mass efe” 17+2 )
w 13+1 1. J/ ¢ selection
#(2S) mass ete” 29+6 J/ candidates are required to have an invariant mass in
whp” 21+3 the range 2.95M,,<3.14GeVt? and 3.06<M,,
AmM(29)—dly)  Y(2S) =y mta; 7+1 <3.14GeVE? for J/y—ete” and J/y—utu~ decays,
Jp—1717 respectively. Unless otherwise stated, fiiy—e*e™ de-
Am(xe1— I ) Jp—1717 14+1 cays, one track is required to pass the tight electron selection
K2 mass - 3.5+0.2 and the other the loose selection. Tracks not associated to an
7m0 15+2 EMC cluster that pass the DCH-only selection are also ac-
K*9 mass K*+z~ and 60-7 cepted. Ford/— u™ u~ decays, we require one track to
K%r0 pass the loose selection and the other to pass the MIP selec-
K** mass K37* and 50+ 10 tion. o . . .
K+ 70 The mass distribution fod/y candidates in the data is

shown in Fig. 2.

The total energy of charged and neutral particles is re- 2. §(28) selection
quired to be greater than 4.5 GeV. Y(2S)— u* u~ candidates are required to have a mass

events, as estimated from a Monte Carlo simulation. AlIl[19]- For ¢(2S)—e"e” candidates the lower bound is re-

events used in the branching fraction analyses are required {@xed to 250 MeMé? below the known value. For decays of
pass this selection. the ¢(2S) to J/ =" o, the difference in mass between the

Y(2S) and J/¢ candidates is required to be within
15 MeV/c? of the expected value, and the" 7~ invariant
VII. MESON CANDIDATE SELECTION massm,.+ - is required to be between 0.4 and 0.6 GeA//

The next step in the analysis is to combine sets of track; he latter requirement takes advantage of the fact that

. - m_+ .- IS most often in the upper portion of the kinemati-
and/or neutral clusters to form candidates for the initial or(ﬁilly allowed rangd20]. All %(2S) candidates are required

intermediate mesons in the decay. .Our general strategy Whet have a momentum in the center-of-mass frame between
forming these candidates is to assign the expected masses 0

tracks and neutral clusters, and to apply a vertex constrain]t'% and 1.6 Ge\d, consistent W'th.H w(_2_8)|_< decaye.
before computing the invariant mass. In rare instarftess We have used the same lepton identification requirements

than 1% of all meson candidajethe vertex fit does not as for thed/ s reconstruction. These are applied either to the

+ —
converge. The sum of the track and/or cluster four-vectors i%;ptons fromy(2S)—1"1" decays, or to the leptons from

. .=
used to compute the invariant mass for such candidates. eJ/ypin Y(28)—Jly =" m " decays.

one or more decay products from a given particle are them- T(;]_Z ;nas_s t?]ndd n:ass dﬁerenee Fd_lstgbl;nor::s_ M%S)Ll d
selves intermediate states, we constrain them to their kno andidates in the data are snown In Fig. 5. FOr Figs. 5, 4, an

masses. At each step in the decay chain, we require th a background subtraction is performed using the observed

mesons have masses consistent with their assumed partidistribution of candidates in thaE sidebands(see Sec.
type. The mass resolutions observed for all of the intermedi- 1C).
ate mesons considered in this paper are listed in Table IV.

We choose meson selection criteria to maximize the ex-
pected precision of our branching fraction measurements. In reconstructingyx.1—J/#vy, J/¢ and photon candi-
Therefore we use well-understood quantities in our selectiordates are selected as described above. The muon identifica-
which lead to a smaller systematic uncertainty. We set théion requirements are subsequently tightened by demanding
selection values to maximize the ra,/S+B whereSand that one lepton from thd/ ¢ pass the loose selection and the
B are the expected number of signal and background eventgther the very loose selectigrather than the MIP selectipn
respectively, as estimated from Monte Carlo calculations. If a In addition, the photon cluster is required to sati&fy
given mode has been previously observ8ds estimated >150MeV andA,,<0.15 and to have a centroid in the an-

3. X1 Selection
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| FIG. 3. Background-subtractet{ 2S) candidate mass and mass
- difference distributions observed iB°— zp(ZS)Kg and B
100 1~ ] —(2S)K* candidates passing the exclusive branching fraction
o i (b) selection, for(a) ¥(2S)—e*e™, (b) ¥(2S)—ut ™, and(c) the
§ I ¥(29)-J/y mass difference distribution fag(2S)—J/y =+ 7.
> P [ ] The intervals used to sele¢i{2S) candidates foB reconstruction
> are indicated by the arrows.
3
.250 ] 2. K3—ata~ selection
b=
s We construclK(S’ candidates from all pairs of oppositely
25 ] charged tracks, and retain those that have invariant mass be-
I 1 tween 489 and 507 Me\¢? after applying a vertex con-
i ] straint. To further reject background we exploit the flight
0 N P length of theK by demanding that th&2 vertex be more
29 3 31 32 than 1 mm(in three dimensionsfrom the J/y, ¥(2S), or
Jhy mass (GeV/c") Xc1 Vertex.

FIG. 2. Invariant mass distribution fdg) J//—e"e™ and (b)
Jy—u"u~ candidates observed iB°—J/yK2 and B*
—J/yK™* candidates passing the exclusive branching fraction se-
lection. The mass interval used to seldtiy candidates foB re-
construction is indicated by the arrows.

gular range 0.4& 6<2.409, excluding the forward direction
due to the increased materidiom electronics, cables, and
final-focusing magnejsin that region.

We require the mass difference between the reconstructed
Xc1 and J/¢ candidates to satisfy 0.38M,,—My,,
<0.45GeVE?.

The mass difference distribution fa.; candidates in the
data is shown in Fig. 4.

B. Light meson candidate selection

1. 7% yy selection

We reconstructr® candidates as pairs of photons. Indi-
vidual photons separated by distances of 10 cm or more in

40

[¥%]
==

Entries/7.5 MeV/c2
[\=)
[l

—
<
T T

The mass distribution fok2— 7" 7~ candidates in the
data is shown in Fig. 5.

|

1 L 1 L | L |
0.35 0.4 0.45 0.5
X, - I/ mass difference (GeV/cz)

the EMC are reconstructed as distinct clusters. Photons from FiG. 4. Background-subtractegt,-J/¢ candidate mass differ-
7’s with energies above 2 GeV can have less separation, ignce distribution observed B%— yo K2 andB* — y;K* candi-
which case the two photons are reconstructed as a singleates passing the exclusive branching fraction selection. The mass
cluster. We refer to these as “merged®s. They are distin-  difference interval used to selegt, candidates foB reconstruc-
guished from single photons based on their shower shape.tion is indicated by the arrows.
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FIG. 6. Background-subtractdd) K*° and(b) K* * candidate
r 1 mass distributions observed B°—J/yK*® and B™ —J/yK* *
15 | | candidates passing the exclusive branching fraction selection. The
mass interval used to sele§t candidates foB reconstruction is
indicated by the arrows.

~ ®

§ r resent less than 10% of at”s used in this analysis.

<10 ] The invariant mass of th&2 candidate at the optimal
®© vertex point is required to lie in the range 470 to
2 550 MeV/c?.

é — The mass distribution foK2— 7%7° candidates in the
Sa B data is shown in Fig. 5.

4. K*% and K** reconstruction

S 0V\ée reconstrlicit thec* 0 th_rough its decg\ys+ tK*rr; argd
0.48 05 052 0.54 Kgm® and trge_K through its _decayi tK_Sw andK™ ",
K. mass (GeV/cz) where theKg is reconstructed in the™ 7~ mode. _
5 s are reconstructed from isolated photons and required
FIG. 5. K2 candidate mass distribution observed BP to ha\{e anolnvarlant mass between _106 and 153 Mé\{Vf
. J/yK2 candidates passing the exclusive branching fraction seled€re is & in the final state we require that the angle in the
tion, for () K- =+ 7~ and (b) K3—7°7°. The mass intervals XY plane between tth momentum vector and the line join-
used to seleck2— 7" 7~ candidates foB reconstruction is indi- ing the J/¢ and Kg vertices be less than 200 mrad and that
cated by the arrows ife); the full range of(b) is used in selecting the K2 vertex fit converge.
Kg—m°n° candidates. In addition, for channels containingz in the final state,
we demand that the cosine of the angle, measured in the
K* rest frame, between the kaon momentum and Kte
The K¢— 7°7°—4y decay chain is reconstructed from direction as measured in tiframe be less than 0.95.
photon  combinations  satisfying E,>30MeV, E o All candidateK*’s are required to be within 100 Mew?
>200MeV and EK(SJ> 800 MeV, with 11G=m,_ o0 of the knownK*©% or K* * mass[19].
<155 MeV/c? and 306 ngsgoo MeV/c2. We perform a The mass distribution foK* candidates in the data is

mass-constrained fit to each photon pair with the knewfin shown in Fig. 6.

mass. This fit is repeated assuming different decay points ) .

along theK 2 flight path, as defined by th¥ ¢ vertex and the C. B meson candidate selection

initial Kg momentum vector direction. The point where the B mesons are reconstructed by combining charmonium

product of the fity? probabilities for the twor®s is maxi- meson candidates with light meson candidates. Both the

mal is defined as th&2 decay vertexK$ candidates with charmonium and light meson candidates are constrained to

flight length in the range from-10 to +40 cm are retained. their known masses, with the exceptionkdf candidates, for
We consider merged® candidates with energy above 1 Which the natural width dominates the experimental resolu-

GeV. If an EMC cluster candidate is identified as a mergedion. Two kinematic variables are used to isolate Brmeson

7° but can also be paired with another photon to form®a  signal for all modes excef®®— J/¢KP. One is the differ-

candidate, we use the latter interpretation. Merg@t rep-  ence between the reconstructed energy of Bheandidate

3. K2 770 selection
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TABLE V. Definition of the signal region inAE| andmgg for each mode used in this analysis. Tihgg
signal region is given in terms dings— mg|, wheremg is 5279 MeVE?.

B decay Light meson Charmonium meson
mode decay mode decay mode |AE| (MeV)  |mgs—mg| (MeV/c?)

B%—J/ K3 mtw” ete” 34.5 8.1
utu” 29.0 7.2
om0 ete” 100.0 8.0
wtp” 100.0 10.0

BO— J/yK? - ete” & utu” 10.0 -
B*—J/yK™ - ete” 384 7.5
utu” 30.3 6.9
BO— J/yK*© Kt~ ete” 30.9 9.3
ntu 23.7 8.1
K270 ete” 48.6 12.0
nru” 45.6 11.4
B~ —J/yK* " K3~ ete” 62.7 7.2
ntu 20.4 9.9
K* a0 ete” 85.2 11.4
ntu” 50.1 10.2
B°— J/ym® vy ete” & utp” 112.0 9.0
B%— y(2S)K2 ataT efe” & ete 7w 28.0 9.0
nwu” & utu wta 26.0 9.0
B"— y(29)K™* atm e'e” &efe wha 28.0 9.0
nwu” & utu wta 26.0 9.0
B%— xc1K2 . ete y 30.9 6.9
winTy 21.4 6.9
B* -y K™ . etey 33.9 11.7
uwpnTy 27.9 6.6
BO— y K*© Kt ete y 30.0 9.0
uwuTy 30.0 9.0

and the beam energy in the ce_nter-of-mass frm The A(Mgs; My, C) < Mesy1— (Mes/Mg) 2
other is the beam energy substituted magsg, defined as
X exp(c[1— (Mes/mg)?]), (4)

Mes= v Egezam_ p; 3
wherem, is set to a typical beam energy ands a fitted
wherep}, is the momentum of the reconstructB@ndE},,,, Parameter. _ _ _
is the beam energy, both in the center-of-mass frame. The The widths of the fitted Gaussian provide a measurement
small variations ofE},,, over the duration of the run are ©f the resolution inAE and mes, and the signal region is

taken into account when calculating.s. Signal events will défined as+3c about the nominal valuze in each variable.
have AE close to 0 andmgs close to theB meson mass, | "€ resolution imegsis typically 3 Mev/c, and that inAE
5279 GeVE2. is typically 10 MeV for channels with no neutral particles in

We limit all our two dimensional plots in these variables the final state and 30 MeV otherwise. The signal region for

to the “signal neighborhood,” defined B E|<AE ., and each mode is given in Table V. . :

5.2<mee< 5.3 GeVE2 For most channelsAE,,, is 120 A ;omeowhat dlfgergnt procegure is rgquwed for recon-
MeV, but for theBOHJ/zAKg(KgH 707%) and BO— 3/ ymr® st.ructlngB —J/IyYK[, since theK| energy is not.measureo!.
channels, which have larg&rE resolution, it is increased to Either the_B mass or energy must be constral_ned, leaving
150 and 400 MeV, respectively. We define the signal regior?nl_y one independent variable. We ch_oose _to fix Bmass_

by fitting the observed distribution of events in the signalto Its kn(iwn vilue[lf] and plot th*e ;lgnal in the quantity
neighborhood imgs andAE separately. In the fit, the signal AEk?=Ej,*+ Exo—Epear Whereky,, is the energy of the
component is modelled by a Gaussian, and the baCkgrour}?\ass-constrained/w andE*
component is modelled by an empirical phase-space distri- _ _ ’ K ) _
bution [21] (henceforth referred to as the ARGUS distribu- détermined using th& mass constraint, both in the center-
tion) when fitting themgs distribution, or a polynomial when ©0f-mass frameAEo is a measure of the same quantity as
fitting the AE distribution. The ARGUS distribution is AE; we use the different notation to reflect the fact that the

o is the energy of th&? as
L
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e- 4
FIG. 7. Helicity angles for the decay (4S)—BB—J/y - i
(e'e orpu’p ) +KS PR N i e il v i AR
-1 -0.5 0 0.5 1
B mass constraint is used only in this channel. For signal, cosf,

AEKE is expected to peak at zero with a resolution of ap-
proximately 3.5 MeV. The signal region is defined as FIG. 8. Distributions of co# observed inB°—J/yKg and
|AEKO|<10 MeV. !3+—>J/z//K+_ candidates. Tht_a dashed histogram shovys panQida_tes
L in the AE sideband. The solid histogram shows the distribution in
the AE-mgg signal region, after subtracting the distribution ob-
1. Helicity and thrust angle definitions served in the sideband scaled by the ratio of signal to sideband
We use the helicity angle@s and 6, to help distinguish ~ areas. The normalization of both histograms has been set to unity.
signal from backgroundig is the angle in the center-of-mass . .
frame between the electron beam dhdandidate directions, ~ 1he helicity and thrust angle values used to select candi-
and 6, is the angle in the charmonium meson rest framedates are _Ilsted in th_e appropr_|ate exclusive reconstruction
between thé ~ and light meson candidate directions. Figure@nd selection subsections in this paper.
7 gives a schematic representation of these angles for the ) )
decayB°—>J/ 1//Kg. 2. Multiple candidates
The angledg has a sif 6y distribution forY (4S) meson We only allow one exclusive candidate per event in a
decays. IfX is a pseudoscalakC,K ™, %) then the charmo- given decay mode. In the cases where we have multiple can-
nium meson must be longitudinally polarized, and the resultdidates(less than 10% of all events with a candidate for most
ing 6, distribution is proportional to sf,. If X is a vector modes, but up to 30% for th€* modes which have signifi-
(K*) the decay angular distribution depends on more tharant crossfeed among decay channellse candidate with
one helicity amplitude. In this case the lepton angular distrithe lowest AE| is taken over all others. The only exception
butions are not knowm priori and must be experimentally is in the B°—>J/z/;KE selection, where we choose the candi-
determined. date with the largest? energy as measured by the EMC. If
The B candidates formed from light quark backgroundsnone of the candidaté’ mesons have EMC information, we
will generally follow a 1+cos g5 angular distribution. The choose the candidate that has the largest number of layers
6, helicity angle is especially useful in rejecting backgroundyith hits in the IFR. These criteria are chosen because back-
since the distribution of cog is peaked att1 for back-  groundK? candidates often arise from low-energy photons

ground and at zero for signal for modes whatés a pseu- i, the EMC or electronics noise or hadronic split-offs in the
doscalar. As an example, the distribution of épsbserved |FR.

in data for BOHJ/szg and B*—J/yK™* candidates is
shown in Fig. 8. 3. BO= /K Y(mtm7)

For modes where the charmonium meson decays to more I - ‘ 0 4+ - :
than two bodies, and, is therefore undefined, we suppress Al combinations ofJ/y andKg— "7~ candidates are
backgrounds using the thrust angle, defined as the angle used to formB candidates. We require the absolute value of

; o

between the thrust axis of the reconstrudBand that of the COS% to be less than 0.8 and 0.9 fdfy—e"e” andJ/y
rest of the event in the center-of-mass frame. We use the’# A €Vents, respectively. The distribution of the se-
conventional definition of the thrust axis for a collection of €cted candidates iIAE andmgs is shown in Fig. €.
particles as the direction about which the transverse mo-

menta of the particles is minimized. BB events co%; is
uniformly distributed, whereas in continuum background All combinations ofJ/¢ and K3— #°#° candidates are
eventsh tends to peak at radians due to the two-jet nature considered. ForJ/¢—e"e~ candidates, one track is re-
of these events. Hendl can be used to discriminate against quired to pass the tight or DCH-only selection, and no par-
background in modes where the helicity angle is not appliticle identification requirement is placed on the second track.
cable. The mass-constrainet! ¢ vertex is assumed to be the pro-

4. B J/yK Y70
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o1 fF APy ] they contain a candidate f@°—J/yK2 B*—J/yK™, B®
£ 0.05 | s .o :,. E —J/yK*0 orBT—J/yK**. The decay modes used to re-
8 of. st *‘ E construct these candidates are the same as those used in the
9 005 b - . e, e '.'.._.:; ;] branching fraction analysis for each mode, but the selection
PT Tele T ] criteria are loosened.

entries/2.5 MeV/c?
(9,3
S

2 5225 525 _5.275 53

=5 . «
. | 1 4l B

- @
E B - K (')

Mg (GeV/cz)

Within the remaining events, we seledtys candidates
using a procedure that differs slightly from the standard se-
lection. A vertex constraint is applied, and only candidates
for which the fit converges are retained. In addition the mo-
mentum of thel/ ¢ in the center of mass frame is required to
be between 1.4 and 2.0 Gey//consistent withB®— J/ /K ?
decays. Inthe*e™ mode, one electron candidate is required
to pass the very tight selection and the other the loose selec-
tion, and theJ/ mass is required to be between 3.00 and

o 0?(;; e _ 3.13GeVE?. Forthex™ u~ mode one muon candidate must
g of ] pass the tight selection and the other the loose selection, and
9 . ] the J/¢ mass is required to be between 3.06 and
S0 e 3.13GeVE2.
o OlE Ty e —] We consider all pairs oK? and J/¢ candidates, as de-
> 20 f(bo) o E scribed above, as candidates @ yK? decays. We then
E 15 B > JyK' (n'n) ; construct the quantith Exo described previously.
¢ 0 ] For candidates containing & that is identified in the
H ¥ e E EMC, we require that the transverse missing momentum be
Y 0 s E3E g 28 consistent with the momentum of th¢? candidate calcu-
mg (GeV/c?) lated from theB mass constraint. We compute the missing
momentum from all tracks and EMC clusters, omitting the
T K? candidate cluste% This quantity is then projected along
I 0 0 the direction of theK| candidate in the plane transverse to
60 () B~ WK (k) the beam. Studies d8°—J/¢K} events in the simulation
> — Signal + background imply that the event missing momentum should be equal to
= 41 Total Background the calculated momentum of tH€°, with a resolution of
%'40 B Jy Background | 0.30 GeVEt. Therefore, we select events where the total
.g missing momentum is not less than 0.65 Ge\helow the
= calculatedk? momentum. The missing momentum require-
20 7 ; ﬂ + | ment is not applied when th¢€? candidate is identified in the
- // _ # IFR, since the background is much lower in this sample.
0 . % 7 7 For all events, we use the anglég and 6, to suppress
20 0 20 40 60 80 background. We require thitoség| and|cosé| be less than
AE (MeV) 0.9. To further reduce background, we also demand that

|cosfg|+|cosg| be less than 1.3.

FIG. 9. Signals forB—J/yK2 [(@) K2— 77~ and (b) K3
—797°] and (c) B~ J/¢K?. In (a) and (b) the upper plots show o
the distribution of events in thAE-mgs plane, and the lower plots SNOWnN in Fig. ).
show the distribution imgg of events in the signal region iRE. In
(c) the points are the data, the dashed line shows the Monte Carlo

simulated distribution of background events which include a real E binati ey didat d a track i
J/y, the hatched area shows the model for the total background, very combination o ¢ candidate and a track Is con-

where the nor/ i/ component is taken from th# ¢ sidebands in sSidered. We requiré¢cosé| to be less than 0.8 and 0.9 for

o +, - ; :
data, and the solid line shows the sum of the background and signd( ¥ —€" € andJ/¢—u"u~ events, respectively. The dis-
Monte Carlo models. tribution of the selected candidatesAe andmggis shown

in Fig. 10@).
duction point of thé<g. We require that the absolute value of
cosf be less than 0.7 and 0.8 faly—e*e” and J/ ¢
—u*u” events, respectively. The distribution of the se-
lected candidates iIAE andmgg is shown in Fig. &).

The distribution of the selected candidatesmEKE is

6. BT J/ygK*

7. B> J/yw®

For J/—u™ u~ the standard selection is tightened by
o o requiring that one charged track satisfy the very tight criteria
5. B'=JiyK and the other the loose criteria. Onty’’s formed from iso-
Since most of the background in this mode arises fom lated photon pairs with mass between 120 and 150 M&V/
decays that include charmonium mesons, we reject events #re considered.
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FIG. 10. Signal for(a) B*
=YK, (b) B'—J/ym®, (o),
(d) BO=J/yK*0 and(e), (f) BT
—JIyK** . The upper plots show
the distribution of events in the
AE-mgg plane, and the lower
plots show the distribution imgg
of events in the signal region in
AE.

The distribution of the selected candidateiB andmgg

0.95. Since continuum background events are slightly correare shown in Figs. 1@)—10(f).
lated in 6 and 6, we also demand thdtosé;|+|cosé| be
less than 1.8. The distribution of the selected candidates in
AE andmggis shown in Fig. 1(b). Monte Carlo simulation

shows that the cluster of events near e, signal value but
with low AE arises from inclusive charmonium backgroun
events, whereB°—J/yK2 (K2— 7°7%) is the dominant

contribution.

8. B> J/yK*% and BT — J/ypK**

The B? is reconstructed from pairs &f ¢y andK*° can-
didates, while théB™ usesJ/ andK** candidates. Since

9. B’ 4(2S)K2 and B — y(2S)K*+

Charged candidates are formed from the combination of

qa ¥(2S) candidate with a track, and neutral candidates from
the combination of4(2S) and K‘S’—> a7~ candidates.

In the leptonic decay mode of thg(2S), |coség| is re-

quired to be less than 0.8. In th¥y decay mode of the

¥(2S), coséy is required to have an absolute value of less

than 0.9. The distribution of the selected candidated in

the combinatoric backgrounds in this mode are larger than in
the B'— J/yKP or B* = J/yK* modes, we tighten the par-

ticle identification requirements to demand that bdthy

and mgg is shown in Fig. 11.

10. B°— x1K2 and B* — K™t

B%— x.1K2 candidates are formed by combining mass-

daughter leptons satisfy either the loose muon selection criconstrained y.; candidates with mass-constrainelag
teria or tight electron selection criteria.

— 7"~ candidates.
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FIG. 11. Signal for (8 B°-y(29K2 and (b) B* 01 F s ‘ 3
—(2S)K*. The upper plots show the distribuFioq of _evgnts in the S 005 |, “ . 3
AE-mgg plane, and the lower plots show the distributiomipg of 3 o }
events in the signal region iAE. a

gnatreg D005 £ R ]

K™ candidates are defined as tracks which lie within the 0.1 . E

N8
(=]

angular range 0.350<2.5rad. These are combined with
mass-constraineg., candidates to fornB* — y, K™ can-
didates.

The cosine of thef; is required to have absolute value
less than 0.9. The distributions of the selected candidates in
AE andmgg are shown in Figs. 12), 12(b).

—
W

B’ >y, K (K'T)

0
5.2 5.225 5.25 5.275 53
mgg (GeV/c?)

W

entries/2.5 MeV/c?
S

11. B>y K*°

B candidates are reconstructed by combining mass- FIG. 12. Signal for(a) B%— x1KS (b) BT —x K™, and(c)
constrained y.; candidates withK*® candidates recon- B°— x.;K*°. The upper plots show the distribution of events in the
structed in the " 7~ mode. We require that thé* candi- AE-mgg plane, and the lower plots show the distributiomipg of
date be inconsistent with a pion hypothesis, using thevents in the signal region iAE.
combined information from B/dx measured in the SVT and . . ' :

DCH and Cherenkov angle measured in the DIRC. We appl¢ha/monium mesons in the final staedecays without char-
the same particle identification requirements to thes onium m'esons,.and light quark events. Monte Carlo.S|mu—
daughters as are used in thB°—J/yK*® and B* lation studies verify that foB decays without charmonium
. JIyK** selection y., candidates are selected if the massesons and for continuum event,candidates follow the

: nel - ARGUS distribution inmgg. On the other hand, the back-
difference between thg.; and theJd/y lies between 0.37

and 0.45 GeW2. K*9 candidates are reconstructed using theground from inclusive charmonium decays includes modes

standard procedure, and are accepted if K€ mass is that are kinematically very similar to the signal modes,
within 75 MeV/c2 of the known valug19]. which means that their distribution imgg may have a peak

o ; _ in the signal region. As an example, Fig. 13 shows the dis-
. The d's.t”bl.mon of the selected candidates\ii andmes tribution in AE and mgg for signal and background events
is shown in Fig. 1). satisfying theB* — yo K™ selection requirements. It is criti-
VIIl. BACKGROUND ESTIMATION cal that the so-called “peaking bac.kgroun.d" from pth]e!r,b
modes be well understood, since it contributes directly as a
Backgrounds to the decay modes we measure arise preerrection to the fitted number of signal events in the signal
dominantly from three sources: othBrdecays that include band.
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o S PRI s

005 0 0.05 0.1 of background, divided by the combined statistical error from data
AE (GeV) and Monte Carlo simulation. The comparison of combinatorial

backgrounds is done in the signal region, while for peaking back-

8rounds theAE sideband region is used. For th&y=° mode the

alue shown is the sum of the"e™ andu* «~ modes.

-0.1

FIG. 13. Distribution in(a) mgg and (b) AE of candidates for
B"— x.K". The points are the data, the shaded histograms ar,
Monte Carlo simulated background events, broken down into the
combinatorial and inclusivé/ys contributions, and the open histo- sjgnal region provides an estimate of the peaking back-
grams are the sum of the Monte Carlo simulated signal and background. In theAE signal region the integral of the ARGUS
ground distributions. The Monte Carlo distributions are normalizedbackground function across thecs signal region provides
according to the equivalent luminosity of the samplesbitheAE 5 estimate of the combinatorial background. A comparison
signal region lies between the solid arrows, and the sideband regiqgeyeen data and Monte Carlo simulation of the fitted results
Vot Carl predicion s outads of the dashed arrows, Nots thal 1€ combinatorial and peaking background componens i

. ) . . ) ' isplayed in Fig. 14. In most cases, the predicted and ob-
the inclusived/y background peaks in the signal regiomas, but ser?/eg backgrogl]mds are in good agreemerf)t within the statis-
that neith k ks in the signal region Bt . . N ) '

at neither background peaks in the signal regiod & tical errors. Discrepancies in the predicted and observed lev-
els of peaking backgrounds in theE sideband region are

0 0 :
_For all modes excep”—J/yK, we estimate the mag- ,.counted for in our estimation of systematic uncertainties.
nitude of the backgrounds by using Monte Carlo simulation, For the B°— J/yK? sample, we estimate the magnitude
L ]

off-resonance data, and mass sidebandsJigr or ¢(25) f the background by performing a binned log-likelihood fit

candidates in on-resonance data. The available Monte Car[fa theA Eyo distribution in the range-20 to 80 MeV. This fit
samples are 10 millioBB decays, the equivalent of 8 Th -

of continuum events, and the equivalent of several times oup des_crlbed n detgn in Sec. X. The shapes of the signal and
. : . inclusive charmonium background components are taken
data sample of inclusivB to charmonium decays.

We compare the predicted and observed levels of backf_rom Monte Carlo simulation. The shape of the noncharmo-
ground in two regions of the E-mes plane: theAE side- nium background component is taken from an ARGUS fit to

band, defined as that part of the signal neighborhood suffit—hEAEKE distribution for events in thd/y mass sideband.

ciently far from the signal region itAE| that it contains a 10 constrain the magnitude of this last component, we first
negligible amount of signaltypically 4o from zero, though ~estimate the fraction of nodty candidates in thé/ mass
for modes with a=® in the final state this is reduced ter3 ~ Window relative to the mass sideband for events with arbi-
and the signal region. traryAEKE. We then scale the number of events V\L?IEKE

In each region, we fit a Gaussian and an ARGUS backbetween—20 and 80 MeV that also have a dilepton invariant
ground distribution to the observetg distribution of B mass in thel/ s sideband region by this fraction to determine
candidates in data and Monte Carlo samples. IltBeside-  the expected number of candidates arising from non-
band the integral of the Gaussian distribution acrossiigg  charmonium backgrounds.
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TABLE VI. Dominant sources of background in the decay termined from the data with a control sample of two-prong
modes we consider, along with the fraction of the total background-* = events. In the subsample of events tagged by a lep-
due to the dominant source. These fractions have substantial uncepnijc decay of one of the taus, we compare the number of
tginty dye to the limited statistics of the available Monte Carlo gyents with one or two neutral pions, and one charged pion,
simulation sample. from the second tau decay. The ratio of these two branching
fractions is known to a precision of 1.6049]. By comparing

Dominant data with simulation, we determine a correction factor to be

Channel background % of total applied to the photon identification efficiency. This factor is
B%— J/yK® K¢ 7*7~  Charmonium 70 found to be independgnt pf the photon energy.

K- 7%7°  Continuumqq 50 ~ Both theJ/y mass distribution and E signal distribution

K Charmonium 90 in the B —J/yK™ sample have better resolution in the
BT —J/yK* Charmonium 50 SII”_ﬂu|3:tIOI’1 the}n in the dgta, |nd|c§1t|ng that the tragkreso- _
BO— J/ym® Continuumqq 55 lution in the simulation is _overestlmat_ed. To account for this,
BO— J/yK*© Charmonium 90 we degrade the resolution of the simulated tracks by an
Bt —J/yK* T Charmonium 85 amount'ch_ose_n to 'brlng the S|mulatqﬂ¢/; mass andAE .
B°— y(29)K° Charmonium 60 (rjna;ss distributions into agreement with those observed in

. . . ata.

Boﬂlﬂ(zso’)K Charmon!um >0 We measure the efficiency of the EMC and the IFR to
oKl Charmonium % detect aK? candidate cluster using a control sample of
B —xcK” Charmonium 75 . L 000
BO— xc K*° Charmonium 90 e'e =P, KK events.

The efficiencies of ther® veto and missing transverse
momentum requirements applied K)E reconstruction in the
MC were determined using™ —J/yK* events.

The AEKE distribution for simulated events is adjusted

slightly to account for differences between data and Monte
Carlo simulation in the beam energy spread Klﬁdangular
IX. EFFICIENCY CALCULATION resolution. The correction to the beam energy spread is de-
The selection efficiencies for each mode are obtainedived from a sgudy ofB+—>J/¢K.+ events, and the adjust-
from detailed Monte Carlo simulations, in which the detectorment for theK angular resolution is determined with the
response is simulated using teEANT3 [22] program. In €' € —®vy control sample.
addition, we have used the data where possible to determine The combination of these effects requires a correction fac-
the detector performance. tor to be applied to the efficiency determined from the Monte
We have determined the efficiency for identifying |ept0nSCarIo simulation. T_he size of the correction varies among
with the sample of inclusively producel ¢'s in the data. ~decay modes, and is at most 16%.
JIy's are selected by requiring that one track pass the very
tight .electron or muon selection, with no lepton identification X. BRANCHING FRACTION DETERMINATION
requirement placed on the other tragtke test track The
fraction of test tracks that satisfy a given lepton selection To derive branching fractions we have used the secondary
provides a measure of the efficiency for that selection. branching fractionsS published in Ref[19]. An exception to
We have determined the track finding efficiency fromthis is the branching fraction of(2S)—!"1~, where we
multihadron events in the data. For the standard track seletrave used our recent measurement of $6161)x 10~ 3 [23]
tion, the fact that the SVT is an independent tracking devicdor the ¥(2S)—u* ™ mode and the measurement from
allows precise determination of the DCH efficiency by ob-E835[24] for the /(2S)—e" e~ mode. These measurements
serving the fraction of tracks in the SVT that are also foundare more recent and more accurate than those included in
in the DCH. For low-momentum pions, such as those proRef.[19].
duced in the decay(2S)—J/ " 7~, D* decays are used We have assumed that(4S) decays produce an equal
to provide information about the efficiency as a function of mixture of charged and neutBlmesons. The dependence of
momentum. This measurement takes advantage of the correur results on this assumption is included in Sec. XII.
lation between the pion helicity angle in ti¥* rest frame For all modes excepB®—J/yK?, B°—J/yK*° and
and its momentum in the center-of-mass frame. Since thg* - J/4K* ", the number of signal events; within the
helicity angle distribution is known, any deviation betweensignal region of theAE-mgg plane is determined from the
the expected and observed distributions can be interpreted agserved number of events after background subtraction. The
arising from a momentum dependence in the track reconbackground has two components, as described in Sec. VIII: a
struction efficiency. In addition, the efficiency for recon- combinatorial component, which is obtained by integrating
structing aK2— 7"~ decay has been determined as athe fitted ARGUS distribution in the signal region, and a
function of theK flight length from studies of inclusivk?  peaking component that is obtained from inclusige
production in the data. —J/yX simulation after removing the signal channel. The
The efficiency for detecting photon clusters has been deprocedure is illustrated in Fig. 15.

The dominant source of background for each mode Wéz
consider is listed in Table VI.
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MIJ:Nb,ij+2 leeiji’j’si’j'NBﬁ (7)
I/]'/

whereN,, is the number of background events estimated in
the same manner as for the other channels. The four indices
attached to the selection efficiencies denote the fraction of
] events in thel’j’ mode that pass thg selection require-

. ments, as determined with the Monte Carlo simulation.

1 We determine the number of signal and background
events for theBOHJ/szE decay mode by performing a

0 : Yoy T binned likelihood fit to the\ EKcLJ distribution. The fit takes as

52 5225 525 5275 53

Mg (GeV/c?) ?nput_ai , the fraction_ of simglateﬂ;oﬂ_\]/wKE events in th_e
ith bin, b;, the fraction of simulated inclusive charmonium
FIG. 15. Distribution inmgs of candidates foB*—y,K*,  background events in thigh bin, c;, the fraction of nonc-
with the ARGUS and Gaussian fit superimposed. The number oharmonium background events from the mass sidebands of
signal events is calculated by counting the events in the signal re¢he J/¢ in theith bin, andd;, the number of data events in

gion of mgg (marked by arrowsand subtracting the integral of the theith bin. The likelihood function has the form
fit ARGUS function across this regidthe shaded portion of the ¥it

and the peaking contribution from inclusivi#y backgrounds, as Nbin
shown in Fig. 13. L(Ng,Nyx,Nnony) = H

S
(=]

entries/2.5 MeV/c2

[\
(=]

Mleﬂvl

We determine the branching fraction by dividiiNg by

the selection efficiency, S, and the number d8B events in X

the sampleNgs. Where possible, the branching fraction is V2m(o®+ Nnon-y)

determined independently for the different secondary decay (8

modes, and the results combined statistically, taking into ac- . . . .

count correlations in the systematic errors. For the channel‘é’herm\ldfX is the number of inclusive charmonium bgck—

that are statistically limited, we determine the branchingground events Nnon.,, 1S the number of noncharmonium

fraction using the combined sample of candidBtevents, b_ackground eventdd is the expecte_d number of noncharm_o-

irrespective of the secondary decay mode, nium background eyents determ_med from the mass side-
bands of thel/, o is the uncertainty o, and y; is the
expected number of events in thiéa bin, defined as

e~ (Nnony=M )212(52+Non-p)

Ei: Ns,i 14i=Nga; + Ny yxbi + NponyCi - 9
B=——, 5)

NBgzi €S Xl. SYSTEMATIC ERRORS

Systematic errors on the results arise from the uncertainty

where the sum is over all decay modes considered on the number oBB events, the secondary branching frac_—
The branching fractions for thB%— J/yK*0 (1) -and tions of the modes considered, the estimate of the selection
N .t ; . efficiency and the knowledge of the background level. The
B _)J/'/./K . (B ). modgs are detgrmmed smultaneouslysize of the various contributions to the systematic error, ex-
from a likelihood fit, V\ih'Ch is required to_account for th? pressed as a fraction of the branching fraction value, is listed
lcrossfeed between thf’ decayi Ehannels. The*cioss feed for all modes excepB°—>J/¢,//KE in Table VII and for the
argest for the mod8™ — J/K* 7, where theK* ™ decays 0 . .
to K* 0. In this case, 12% of the selected candidates ansgh ‘J/"le mode '3 Table \é”: In some cases, ;‘ glver;]
from otherB—J/¢ K* decays. The likelihood function in- hannel 'S]; asilgne a mflch arhger ufrllcertalrr:ty than ?t her
cludes the cross-feed contributions as well as all other back&"2MNEIS Tor the same effect. This reflects the size of the
ground sources, and has the form sample available to evaluate the uncertainty in that mode,
and does not mean that the channel is known to have a
greater sensitivity to the effect considered.

0 i The uncertainty on the number BB events introduces a
L(B".B") H N ! (6 systematic error of 1.6% in common for all modes. The un-
1) L. . . .
certainties in the branching fractions of the secondary decay
modes lead to a systematic error of between 1.7% and 9.8%,
wherei represents a decay mode of & (to K2orK*),j  depending on the mode considered.
represents either thB®—J/yK*° or B* —J/yK* ™ mode, The systematic error due to the finite size of the available
N is the observed number of events in the signal region, antMonte Carlo sample is between 0.1% and 2.4% for the dif-
w is the expected number of events. The last is given by ferent modes.

|Je Hij
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TABLE VII. Breakdown of contributions to the systematic errors. Included are the contributions from the secondary branching fractions
(S), lepton identification efficiencyPID), track pr resolution (Trkpy), track andK3— 7" 7~ reconstruction efficiency e(Trk+K2)],
photon identification efficience(y)], background determinatiofBGR), Monte Carlo statisticsNg;) and selection requirement variation
(Sel. var). The 1.6% error from the determination of the numbeB®& events, which is common to all modes, is not listed but is included
in the total. In addition, the statistical uncertainty is shown. All values are expressed relative to the measured branching fraction, in percent.

Channel S PID Trkpr  e(Trk+K2 e(yy BGR Ng, Sel.var. Total Stat. error
B°—J/y KO Kismtm™ 1.7 1.3 0.9 55 - 1.1 1.3 35 7.3 6.4
Kgﬂ 700 1.7 0.5 0.1 24 5.0 2.0 1.6 2.5 7.0 15.2
BT —J/yK* 1.7 1.4 1.0 3.6 - 1.0 0.8 2.2 5.3 3.1
BO— J/ ya® 1.7 25 0.4 2.4 25 1.7 1.1 10.0 11.3 32.7
BO— J/ yK*© 1.7 13 0.8 4.7 0.2 1.4 0.2 4.0 6.9 4.0
BT —J/yK*™ 1.7 1.3 1.1 4.9 1.2 2.9 0.1 5.0 8.2 6.6
BO— y#(29)K? 96 1.0 1.3 7.9 - 4.8 1.4 8.5 15.9 15.4
BT — y(29)K™ 9.6 1.0 1.3 5.8 - 1.3 1.6 3.7 12.1 8.1
B%— y K° 6.2 2.4 1.2 5.6 1.3 14.5 2.2 13.2 22.0 25.1
B —xaK™ 6.1 2.6 0.5 3.6 1.8 3.8 2.4 5.3 10.6 10.0
BO— x o K*© 62 2.4 0.8 4.8 27 143 18 8.1 18.7 28.8

We have determined the efficiency for a charged patrticlarise from the statistics of the inclusiv#¢ sample, and
to be reconstructed as a track that passes the standard trefem comparing the efficiencies in different low-multiplicity
selection to a precision of 1.2% per track. The uncertainty ircontrol samples. It varies from 0.5 to 2.8% péfy or
the reconstruction efficiency for the low-momentum pions(2S) depending on the criteria used to select the leptons.
from the /(2S)—J/ym" =~ decay is determined to be 2%  The quality of the simulation of photon detection and en-
per track. The systematic error associated with reconstructingrgy measurement in the EMC has been validated by a de-
aKg— 7"~ decay has two sources: knowledge of the re-ajled comparison between real and simulated data. In par-
construction efficiency for the twar tracks, and differences tjcular, the position and resolution of the® and » mass
in the selection criteria efficiencies observed between the inpeaks in the photon pair mass spectrum has been compared
clusive K2 data and the Monte Carlo simulation. The ob- as function of photon energy, calorimeter occupancy and
served discrepancies and their statistical uncertainties atéme of data collection. The agreement in terms of energy
summed in quadrature to yield a systematic error of approxiscale is found to be better than 0.75% in all cases; energy
mately 5%. resolution is also well described at the level of 1.5%. The
The systematic error on lepton identification efficienciesabsolute photon detection efficiency is known to 1.25%. The
resulting systematic errors on the branching fractions are in
TABLE VIII. Breakdown of contributions to the systematic er- the range of 1.3 to 5% depending on the decay mode.
ror for theB®— J/yK? analysis. The statistical error is also shown, ~We account for the uncertainty in thg; resolution by
with all values expressed relative to the measured branching fracsarying the amount by which the Monte Carlo simulated

tion, in percent. momentum resolution is degraded within the range in which
_ the data and Monte Carld » mass and\E widths are com-
Source Uncertainty patible. The observed variation in selection efficiency is be-

tween 0.1% and 1.3%. To account for the possibility that

TraCkmg efflc_:l.enc,ty .- 24 other variables used in selecting candidates may not be per-
Lepton identification efficiency 1.2 fectly modeled in the simulation, we vary the selection re-
J/ ¢ mass requirement efficiency 1.3 . T .
K, efficiency 9 quirements and repeat the brapchlng fraction megsurement.
5 e In most cases the range of variationzido, whereo is the
T vgto efficiency ) . 0.7 width observed in data for the variable under consideration,
Missing momentum requirement efficiency 0.5 while for helicity angles a variation of-0.05 in their cosine
Beam energy scalespread 1030 is used. The observed variations in the results are between
K, angular resolution 4 2.2% and 13.2%. Modes with I&* in the final state merit
Branching fractions foB—J/4 X 3.8 special mention, since there can be some variation of selec-
non-J/¢ background shape 2 tion efficiency with the polarization of the vector meson, and
Simulation statistics 2.2 the polarization amplitudes are subject to experimental un-
Secondary branching fractions 12 certainty. The Monte Carlo simulation from which we derive
Number ofBB events 1.6 our efficiency assumes the polarization amplitudes measured
Total 12.0 by CLEO [25]. We have studied the changes in efficiency
Statistical error 12.0 that occur when the amplitudes are varied by twice the dif-

ference between the values measured at CLEOBABAR
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[13]. We find that these changes are consistent with those TABLE IX. Measured branching fractions for exclusive decays

observed when the selection requirementénis varied. of B mesons involving charmonium. The first error is statistical and
For theB°—J/yK? analysis, we include additional sys- the second systematic.

tematic errors associated with the selection efficiency. These

originate from the uncertainty in the? reconstruction effi-  C2nne! Branching fraction/10
ciency and angular resolution determined from data, theso_, j/yK° Kesamta 85 + 05 = 0.6
knowledge of the absolute scale and spread of the beam en- K3 7070 96 - 1.5 + 0.7
ergy, and from the various selection requirements used to K? 68 + 08 = 08
isolate the signal. All 83 + 04 + 05

Another systematic error arises from our konowledge ofB+_)J/¢K+ 101 + 03 + 05
the bz_ackgrounds.. For all modes_exc&?&J/aﬁK , We use  po_ g0 020 + 006 + 0.02
data in theAE sideband to estimate this uncertainty. We 0_, 3/ yK*© 124 + 05 + 09
determine the uncertainty in the size of the combinatoria LK 137 + 09 + 1.1
background by repeating the fit to the data with the shape of,_ H29KO 6.9 N 1'1 N 1'1
the ARGUS functiorithe parametec in Eq. (4)] fixed to the . . D

. o ; : B — y(29)K 6.4 = 05 = 0.8

value obtained from fitting th& E sidebands, allowing only B9+ KO 54+ 14 + 11
the normalization to vary. This accounts for any correlationB+ Xel K+ 7‘5 N 0.8 N 0-8
between the ARGUS and Gaussian fits in thé signal re- =~ Xe1™ DD
gion. We estimate the uncertainty in the predicted size of th& — XK 48 = 14 = 09
peaking background by comparing the observed Gaussian
component in theAE sideband to that estimated from the ; g -~
inclusive B— J/ X simulation. This procedure takes advan- error is statistical and the second systematic:
tage of the fact that the distribution of candidates from this B(B* —JIyK*)
background inAE depends primarily on kinematics rather ——o oo —1.20+0.07+0.04 (10
than the poorly, known composition of the background. In B(B"— JyK")
particular, the background does not peak in the signal region 0 .t
of AE (see Fig. 13 which implies that the relative normal- B(B"—J/yK* ") —1.10+0.09+0.08 (12)
ization observed in thAE sideband can also be expected to B(BY—J/yK*®) ™ R
hold in the signal region. The systematic error attributed to
the knowledge of the backgrounds varies from 1.0 to 14.5% B(B"—(2S)K™) P
for the various modes. In addition, for tH&°— J/yK*©, B(Boqlp(zs)KO):0'94_0'16_0'10 (12
B*—J/yK** andB®— y.,K*° modes, a systematic error is
included to account for the uncertainty in the nonresonant B(BT— x K™
B— J/yK = branching fractions, and the contribution of feed BBy KO 1.39+0.37+£0.22. (13

down from higherK* resonances. This ranges from 1.4 to
3.7 % depending on the mode.

For theB°—>J/¢KE decay mode, we determine the uncer-
tainty arising from knowledge of the shape of the rigig- B(B*— charmoniun
background both by changing the fitted parameters of the 0, .
ARGUS function for this background component by one B(B—charmoniuny
standard deviation and also directly in the fit by using the : ; ; 0 0 n

S . Assuming equal partial widths foB”—J/¢h” and B
AEKE (.jlst.nbunon from the nonl/ ¢ eve.nts in the data. The _.J/h* for any mesorh and using the known ratio of the
analysis is also repeated after varying the values of thgharged to neutralB meson lifetimes g+ /7go=1.062
branching fractions for the component modes in the simula-+-0.029[19], we find
tion of B—J/#X decays by the uncertainty quoted in Ref.

Combining all of these measurements yields

—=1.17+0.07+0.04. (14

[19]. This is done separately ]‘or the main backgrounq modes o B(Y(4S)—B*B")
and then for all the remaining modes together. Since the R* /0= ——=1.10+0.06+0.05. (15
nonresonanB— J/ K 7 component is poorly measured, we B(Y (4S)—B°B°)

vary it in the range from-50 to +400 %.
We provide the formulas for recomputing our results for

an arbitrary value oR™, rather than the value of unity we

XIl. RESULTS have assumed:
In Table IX we summarize our branching fraction mea- (1+R*)
surements. The observed number of events in the signal re- B(BT—=X,R™0)= WO_B(B-F*)X,]_) (16)

gion, the predicted background, and the selection efficiency
are given in Table X. (1+R*)
From these results, we have determined the following ra- 0 +10y _ 0
tios of charged to neutral branching fractions, where the first BB—=X.R™) 2 BB =X1). (17
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TABLE X. The observed number of events in the signal region, estimated background, efficiency, efficiency times secondary branching
fractions, and measured branching fraction for exclusive decays mesons involving charmonium. The combinatorial background is
estimated from a fit to the signal plus sideband regiomjsy, while the peaking background is estimated with Monte Carlo. FoBthe
—>J/¢//KE mode the inclusive charmonium background is listed in the “Peaking” column and the other backgrounds in the “Combinatorial”
column. For the branching fractions, the first error is statistical and the second systematic.

Channel Nops Combinatorial Bkgr  Peaking Bkgr  Efficiena§6) EffxS(%) Branching fraction/10*
B%— J/yK° K s ata 275 6.1+2.7 3.4:1.1 33.8 1.37 8.50.5-0.6
Kgaw%o 77 12.2£3.7 2.3:0.9 15.5 0.29 9.61.5+0.7
KE 408 25t3 200+ 14 22.3 1.46 6.80.8+0.8
All 8.3£0.4£0.5
BT —J/yK* 1135 8.9:2.6 17.12.6 41.2 4.86 10£0.3+0.5
BO— J/ym® 19 4.7+0.9 0.7#0.1 25.8 3.01 0.2640.06+0.02
BO—J/yK*O 695 50.2:7.8 50.0+3.3 22.6 1.10 1240.5+0.9
BT —J/yK*™ 625 160.6-15.9 87.0:5.8 17.9 1.09 13.70.9+1.1
B°— y(29)K° 63 6.0+3.3 1.0+0.8 22.0 0.37 691.1+1.1
B* —y(29)K* 247 27.2:5.5 12.5-2.8 29.6 1.46 6.40.5-0.8
B%— xo1K° 37 72621 3713 19.1 0.21 541.4+1.1
B"— xuK" 179 242+ 4.7 9.7+2.7 26.3 0.85 750.8+0.8
BO— y o K*© 52 13.0:1.6 6.4+5.8 13.9 0.30 481.4+0.9
We also determine the ratio of branching fractions for a Xll. SUMMARY
vector versu§ scalar light meson accompanying the charmo- We have presented measurements of branching fractions
nium meson: . ?
of B mesons to several two-body final states that include a
B(BO— JIK*©) J4,1(28) or xc1 meson and &(0_, K*, K* or 0. Our
0o =1.49+0.10+ 0.08 (18 results are in good agreement with previous measurements
B(B"— I/ yKT) [19] and have superior precision, both in terms of individual

branching fractions and their ratios. In addition, based on
B(B"—J/yK* ") isospin invariance, we find the ratio of charged to neusral

B(BT—JdyK") 1.37+0.10+0.08 (19 meson production on th¥ (4S) resonance to be compatible
with unity within two standard deviations, and also compat-
B(B®— y K*9) ible with the measurement reported by CLEZ®]. Our cen-
=0.89+0.34+0.17. (20 tral value and CLEOs are both higher than one, with the

—
B(B™= xe1K") difference in our case larger than one standard deviation.

These three ratios are consistent and yield an average value:
. ACKNOWLEDGMENTS
B(B— charmonium-vecton "
B(B— charmoniun¥scalay =1.40+=0.07=0.06. (21) We are grateful for the extraordinary contributions of our
PEP-II colleagues in achieving the excellent luminosity and
Finally, the following ratios between the production ratesmachine conditions that have made this work possible. The

for different charmonium states have been determined: collaborating institutions wish to thank SLAC for its support
and the kind hospitality extended to them. This work is sup-

B(B®— y(2S)KO) ported by the U.S. Department of Energy and National Sci-
BB 3/ yKO) =0.82£0.13+0.12 (22 ence Foundation, the Natural Sciences and Engineering Re-
search CouncilCanadg Institute of High Energy Physics
(Ching, the Commissariat BEnergie Atomique and Institut

B(B— xc1K®) —0.66+0.11+0.17 (23) National de Physique Nuaére et de Physique des Particules
B(BY—J/yK% ' ' (France, the Bundesministerium fuBildung und Forschung
(Germany, the Istituto Nazionale di Fisica Nucleatkaly),
BB — §(29)K™) the Research Council of Norway, the Ministry of Science and
BB =IgK) =0.64+0.06+0.07 (24 Technology of the Russian Federation, and the Particle Phys-

ics and Astronomy Research Coungilnited Kingdon). In-

. N dividuals have received support from the Swiss National Sci-
B(B™—xciK") ence Foundation, the A. P. Sloan Foundation, the Research
———————=0.75+0.08+ 0.05. (25 : :

BB —J/yK™) Corporation, and the Alexander von Humboldt Foundation.

032001-22



MEASUREMENT OF BRANCHING FRACTIONS FOR . .. PHYSICAL REVIEW B5 032001

[1] BABAR Collaboration, B. Auberet al, Phys. Rev. Lett86, —J/yK™),” SLAC-PUB-8942, hep-ex/010800€n prepara-
2515(2001). tion).

[2] M. Wirbel, B. Stech, and M. Bauer, Z. Phys.29, 637(1985; [15] BABAR Collaboration, B. Auberet al, “The BABAR detec-
34, 103(1987). tor,” SLAC-PUB-8569, hep-ex/0105044.

[3] N. Isgur and M. B. Wise, Phys. Lett. B32 113(1989; 237,  [16] A. Drescheret al, Nucl. Instrum. Methods Phys. Res.287,
527(1990. 464 (1985.

[4] M. Neubert, V. Rieckert, B. Stech, and Q. P. Xu, feavy  [17] R. Sinkus and T. Voss, Nucl. Instrum. Methods Phys. Res. A
Flavours edited by A. J. Buras and M. LindnéWorld Scien- 391, 360(1997.
tific, Singapore, 199)2 p. 286. _ [18] G. C. Fox and S. Wolfram, Nucl. PhyB149, 413(1979.

[5] A. Deandrea, N. Di Bartolomeo, R. Gatto, and. G Nardull, [19] Particle Data Group, D. E. Groost al, Eur. Phys. J. A5, 1
Phgilé_gj)t B318 549 (1993; A. Deandreaet al, ibid. 320, (2000.
17 . : .

[6] R. Aleksanet al, Phys. Rev. D51, 6235(1995. [20] (leff)ocltollaboratlon, J. Z. Baét al, Phys. Rev. D62, 032002

[7] M. Neubert and B. Stech, iHeavy Flavours || edited by A. J.

Buras and M. LindnefWorld Scientific, Singapore, 1998p. [21] ARGUS Collaboration, H. Albreche¢t al, Phys. Lett. B185

218(1987); 241, 278(1990.

(8] i/I‘TS(.Ziuchini et al, Nucl. Instrum. Methods Phys. Res.488 [22] “ ceanT, Detector Description and Simulation Tool,” CERN
28 (1998; Eur. Phys. J. @, 43 (1999. program library long writeup W5013, 1994.

[9] M. Gourdin, Y. Y. Keum, and X. Y. Pham, Phys. Rev.2,  [23] BABAR Collaboration, B. Auberet al, “Measurement of the
1597(1995. branching fractions#(2S)—e*e” and #(2S)—u*un",”

[10] T. W. Yeh and H. Li, Phys. Rev. B6, 1615(1997. SLAC-PUB-8953, hep-ex/0109004.

[11] M. Ciuchini et al, Eur. Phys. J. ®, 43 (1999. [24] E835 Collaboration M. Ambrogianet al., Phys. Rev. D62,

[12] H. Y. Cheng and K. C. Yang, Phys. Rev.63, 074011(2002). 032004(2000.

[13] BABAR Collaboration, B. Auberet al, Phys. Rev. Lett87, [25] CLEO Collaboration, C. P. Jess@p al, Phys. Rev. Lett79,
241801(2001). 4533(1997).

[14] BABAR Collaboration, B. Aubertt al, “Measurement of the  [26] CLEO Collaboration, J. P. Alexandet al, Phys. Rev. Lett.
ratio of the branching fractionsB(B™—J/ym™)/B(B* 86, 2737(2009).

032001-23



