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We report a study of the B meson decays, BY — J/y¢pK*, B® — J/ K2, B — J/ iy, B® — J/ym,
and B® — J/yn’ using 56 X 10° BB events collected at the Y(4S) resonance with the BABAR detector
at the PEP-Il e*e” asymmetric-energy storage ring. We measure the branching fractions
B(BY — J/ppK") = (4.4 = 1L4(stat) = 0.5(syst)) X 1075 and B(B® — J/¢ppK3) = (5.1 = 1.9(stat) =
0.5(syst)) X 107>, and set upper limits at 90% confidence level for the branching fractions B(B? —
J/hd) <9.2X 1076, B(B® — J/iyn) < 2.7 X 107>, and B(B® — J/¢pm’) < 6.3 X 1073,

DOI: 10.1103/PhysRevLett.91.071801 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh

Recent observations of the B meson decays B — J /¢
[3] and J/¢p [4] indicate the Cabibbo-suppressed tran-

The observation [1] of CP violating B meson decays
into CP eigenstates with charmonium provides major

evidence for the Cabibbo-Kobayashi-Maskawa model
[2] and an important advance in our understanding of
the standard model. This motivates the search for addi-
tional CP eigenstate decay modes of neutral B mesons to
enable new CP tests of the standard model.

071801-3

sitions b — ccd via the color-suppressed diagram shown
in Fig. 1(a). Here we present a search for similar color-
suppressed modes except with hidden strangeness, ¥, in
the final state: B — J/4m, J/vm', J/w¢, and J/pPpK.
The decays B — J/¢m and B® — J/¢m occur via the
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FIG. 1. Quark diagrams: (a) Tree diagram for B — J/irr and
J/p, (b) rescattering for B — J /i, (c) strange sea quarks,
and (d) gluon coupling for B — J/¢dK.

same diagram, Fig. 1(a), and should have a comparable
rate. If large enough samples can be isolated, these CP
eigenstates could be used to test CP violation [5]. Models
based on the heavy quark factorization approximation by
Deandrea et al. [6] are used to predict that the branching
fraction for B® — J/yn is a factor of 4 smaller than that
for B — J/¢7°. The decay B — J /¢ is likely a color-
suppressed mode with rescattering as shown in Fig. 1(b),
so its absence would indicate that the rescattering effects
are negligible. The decay B — J/y¢pK is a Cabibbo-
allowed and color-suppressed decay via the transition
bg — ccsssq, where the ss quark pairs are produced
from sea quarks or are connected via gluons as shown
in Figs. 1(c) and 1(d), respectively. This particular three-
body decay may be of interest in the search for hybrid
charmonium states that decay to the final state J/i¢ [7].
In this Letter, we report on branching fractions or upper
limits for J/ym, J/ym', J/bp, J/ydK™T, and J/pp K.

The data used in this analysis were collected at the
PEP-II asymmetric-energy e e” storage ring with the
BABAR detector, fully described elsewhere [8] with a
brief overview in [3]. The BABAR detector contains a
silicon vertex tracker and a drift chamber in a 1.5-T
solenoidal magnetic field to detect charged particles and
measure their momentum and energy loss. Photons and
neutral hadrons are detected in a CsI(T1) calorimeter. An
internally reflecting ring-imaging Cherenkov detector is
used for charged particle identification (PID). Penetrating
muons and neutral hadrons are identified by the steel flux
return.

The data correspond to a total integrated luminosity of
50.9 fb~! taken on the Y(4S) resonance and 6.3 fb~!
taken off resonance at an energy 0.04 GeV below the
Y (4S) mass and below the threshold for BB production.
In this sample, there are (55.5 * 0.6) X 10® BB events
(NBE)'

In this analysis, the charged track selection require-
ments and the selection of photon, electron, and muon
candidates use the methods from previous publications

071801-4

TABLE I. Mass regions for selection of intermediate
particles.

Mode Mass range (GeV/c?)
J/p—ete” 2.95 < M(ete™) < 3.14
J/p— utu” 3.06 < M(utu™) < 3.14

¢ — K"K~ 1.004 < M(KTK™) < 1.034
K)— ata 0489 < M(m* ™) < 0507
n— vy 0529 < M(yy) < 0565
n—oata o’ 0529 < M#rta a%) < 0565
n—-qnrtas 0938 < Mmpmta) < 0978
0 — yy 0120 < M(yy) < 0150

[9], and the selection of kaon and pion candidates
follows [10].

The intermediate states in this analysis, J/i(ee, uu),
dKTK), nlyy, wta @), n'n(yy)ata"], x%yy),
and K7 ™), are selected with the mass intervals in
Table I Since B® — J/¢im and B® — J/4m’ involve de-
cays of a pseudoscalar meson into a vector and a pseudo-
scalar meson, the angular distribution is proportional to
sin’,, where 6, is the helicity angle [3] of the lepton
from the J/¢. Hence, an additional requirement of
| cosf,| < 0.8 is applied to reject continuum and other
backgrounds. The 7 candidates are rejected if either of
the associated photons, in combination with any other
photon in the event, forms a yy mass within 20 MeV/c?
of the 77° mass. For the mode B® — J/¢#m(yy), the 5
candidate is required to have | cos67| < 0.8, where 67 is
the photon helicity angle in the 7 rest frame. This rejects
combinatoric background due to random pairs of photons
that typically have a photon helicity angle that peaks at 0°
or 180°. For the n' — n(yvy)m* 7~ candidates, we use
the same 7 selection criteria for the 7 described above,
including the 7 veto.

An additional requirement separates two-jet contin-
uum events from the more spherical B meson decays.
The angle A7 between the thrust [3] direction of the B
meson candidate and the thrust direction of the remain-
ing tracks in the event is calculated. We require | cosf| <
0.8, since these thrust axes are uncorrelated and the
distribution in cosf; is flat for BB events, while the
distribution is peaked at cosf; = =1 for continuum
events.

The intermediate candidates are combined to construct
the B candidates for the six decay modes under study. The
estimation of the signal and the background employs two
kinematic variables: the energy difference AE between
the energy of the B candidate and the beam energy E} in
the Y(4S) rest frame; and the energy-substituted mass

mgs = +/(E;)* — (P3)?, where Pj is the reconstructed
momentum of the B candidate in the Y(4S) frame.
Typically, these two weakly correlated variables form a
two-dimensional Gaussian distribution for the B meson
signal but not for background. The resolutions in AE and

071801-4
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TABLE IL

Branching fractions and 90% C.L. upper limits.

Signal region
AE  |mgg — mpg|

90% C.L.U.L. Branching fraction

Mode (MeV) (MeV/c?) Efficiency ny, n, = o, Ny P value (1079) (1073)
J/ WK+ 57.0 8.0 10.6% 23 7.8 0.6 (0.77-2.4) X 1073 44 *14=*=0.5
J/l/fgng 57.0 8.0 8.6% 13 33x04 (4.2-13) X 107 51*19=x05
J/hdKO 10.2 = 3.8 = 1.0
J/ o 57.0 8.0 12.1% 1 03*x02 3.60 <0.9 0.18 = 0.26 = 0.03
J/yn’ 100.0 10.0 2.5% 0 0503 181 <6.3 —-1.7%x£1.0*x0.2
J/m(yy) 100.0 10.0 15.5% 8 1.7+04 115 (3.9-15)x107* <29 1.6 0.7 0.2
J/ym(ata~a% 720 10.0 8.7% 4 1.5+09 676 (0.66-2.2) X 107! <5.1 1.9£1.7%0.2
J/im combined (2.6-33) X 105 <27 1.6+ 0.6+ 0.1

mgg are decay mode dependent. A signal region for each
mode is defined as a rectangular region in the AFE versus
mgs plane (Table II). The mgg range is given in terms of
mgg — mp, where mp is the mass of B meson. The number
of data events, ng, observed in the signal region for each
mode is listed in Table II.

The efficiencies for each mode are determined by
Monte Carlo simulation. The simulations of J/¢¢K and
J/ ¢ decays assumed three- and two-body phase space,
respectively, with unpolarized J/¢ and ¢ decays. The
J/ym and J/¢n' simulations used the angular correla-
tions determined by the helicity amplitude [11].

The backgrounds in the mpgg distribution have two
components: a combinatoric background, whose shape is
described by an ARGUS function [12], and a peaking
background that peaks in the signal region and is de-
scribed by a Gaussian function. The sources of combina-
toric background are the continuum events and two
categories of BB events: decays with a leptonic J/¢
decay, and those without. Monte Carlo simulation studies
show that the source of the peaking background is BB
events that contain a leptonic J/i decay.

The shape of the ARGUS function is determined mode
by mode by fitting to a simulated mgg distribution formed
from data event candidates using the same selection ex-
cept negating the normal lepton identification.

The normalization of the combinatoric background for
each mode is obtained from a fit to the mgg distributions
in the AE signal region of the on-peak data. The integral
of the ARGUS function in the signal region is n, the
number of combinatoric background events.

The peaking background is determined from a fit to the
mgg distribution of Monte Carlo BB events with leptonic
J /i decays using the sum of a Gaussian and an ARGUS
function. The number of peaking background events np is
the integral of the Gaussian function in the signal region.

The total number of background events (n;) and the
uncertainty on this number (o) listed in Table II
are calculated from the fit value of n, and np and their
errors. The combinatoric background is by far the
dominant background in all modes except the B —
J/¢m(art = %) mode, where the peaking component is
~20% of the total background.

Table III lists the systematic error from the uncertainty
on each of the following: N,z; secondary branching
fractions [13]; Monte Carlo statistics; PID, tracking,
and photon detection efficiencies, which are based
on the study of control samples; and background
parametrization, which is estimated using AE sideband
information.

Additional systematic uncertainties due to the decay
model dependence are estimated for the modes J/¢¢,
J/ypK*, and J/p$K?. Monte Carlo simulations are
used to determine how the efficiency depends on assump-
tions about intermediate resonances and angular distri-
butions. Two samples are generated for each of the three
modes with decay distributions determined by the as-
sumed polarization of the vector daughter mesons, rather
than by phase space. One sample is generated with 100%
transversely polarized J/¢ and ¢ mesons, and the other
with 100% longitudinally polarized J/i and ¢ mesons.
The resulting relative change in efficiency is entered as a

TABLE III. Systematic error summary on the branching fractions. All are fractional uncertainties in percent.
Secondary Monte Carlo PID, tracking, Background
Mode Nyz branching fractions statistics photon detection parametrization Model Total
J/pdKT 1.1 22 1.6 8.2 59 0.4 10.4
J/ypKY 1.1 22 2.1 8.3 1.9 0.9 9.3
J/be 1.1 2.2 1.6 6.7 12.0 1.0 14.1
J/ ' 1.1 3.8 4.6 9.3 7.1 cee 13.3
J/m(yy) 1.1 1.8 1.6 6.0 6.9 s 9.5
J/yn(mt 7 70) L1 2.4 22 7.7 8.0 e 11.6
071801-5 071801-5
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FIG. 2 (color online). The BY — J/¢y¢pK™ mode. The AE vs
mgg event distribution is shown in (a) with a small rectangle
corresponding to the signal region selection defined in Table I1.
The AE projection with a mgg signal region selection is shown
in (b). The mgg projection with a AE signal region selection is
shown in (c). The solid line in (c) is the fit described in the text.
The Gaussian component includes both the signal and peaking
background.

fractional systematic error in Table III. An additional
check based on Monte Carlo samples with an intermedi-
ate state gives negligible effect.

The total systematic error for each mode combines all
these separate errors in quadrature and is listed (Total) in
Table IIL

There is evidence for signals in the J/¢y¢pK™* and
J/y¢KY modes. The results are shown in Figs. 2 and 3.
The branching fraction for these modes is determined by
a simple subtraction of events in the signal region that
yields the number of signal events, n, = ny — n;,. The
calculation of the branching fraction is based on the
efficiency, ny, Nz, and the secondary branching fractions
[13] for the J/4, ¢, and Kg. Table II includes branching
fractions, the statistical and systematic errors, the derived
result for B — J/y¢pK®, and the probability for a null
hypothesis (P value) which is the Poisson probability that
the background fluctuates to ng or greater. This probabil-
ity is calculated using both the central value of our back-
ground estimate 7, and the value increased by 1 standard
deviation, n, + o,. This provides an estimate of proba-
bility including the background systematic uncertainty.

For modes with no signal or limited statistical evidence
J/d, J/ym, J/¥n'), we determine both a central con-
fidence interval and an upper limit interpretation for the
branching fraction. The upper limit method uses ng, n,,
0, and the total systematic uncertainty or. Assuming
the two uncertainties (o, o7) are uncorrelated and
Gaussian, the Bayesian upper limit on the number of
events (Nggq,) is obtained by folding the Poisson distribu-
tion with two normal distributions for these two uncer-
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tainties and integrating it to the 90% confidence level
(C.L.). This assumes the prior branching fraction distri-
butions are uniform.

In Table II, we list the efficiency, the number of ob-
served events, the expected number of background
events, the P value, the 90% C.L. upper limit for observed
events, the corresponding branching fraction limit, and a
central interval for the branching fraction. The upper
limit obtained from the combination of the two B® —
J/¢¥m modes is shown in Table IL. We also combine the
observed numbers of events for the two B® — J/yn
modes to calculate a branching fraction of (1.6 =
0.6(stat) = 0.1(syst)) X 107> and the combined probabil-
ity that the background fluctuates up to the observed
number of events or higher is (2.6-33) X 1073, where
the background is estimated using its central value and
a value increased by 1 standard deviation.

In summary, we determine the branching fraction of
B—J/y$pK in two modes, B(B* — J/ypK") =
(4414205 %103 and BB — J/ypK)) =
(5.1 £ 1.9 £ 0.5) X 107>, The branching fraction of B —
J/PdK is consistent with and much improved over the
CLEO [14] result, (8.8733 = 1.3) X 107°. Upper limits
have been determined for the modes B® — J/¢i¢p, J/m,
and J/¢n'. The B® — J /i search is significantly more
sensitive than the L3 Collaboration [15] results which set
a limit of <1.2 X 1073 at 90% C.L. In addition, the
branching fraction from the combined B®— J/yn
modes is comparable to the B® — J /i7" branching frac-
tion [3]. Finally, the search and resulting branching frac-
tion upper limits for B — J/¢n' and B — J/y¢p are
presented.

We are grateful for the excellent luminosity and ma-
chine conditions provided by our PEP-II colleagues, and
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FIG. 3 (color online). The B® — J/lﬂ(ng mode. The descrip-
tions of (a), (b), and (c) follow those of Figs. 2(a)—2(c),
respectively.

071801-6



VOLUME 91, NUMBER 7

PHYSICAL REVIEW LETTERS week ending

15 AUGUST 2003

for the substantial dedicated effort from the computing
organizations that support BABAR. The collaborating in-
stitutions wish to thank SLAC for its support and kind
hospitality. This work is supported by DOE and NSF
(US.A.), NSERC (Canada), IHEP (China), CEA and
CNRS-IN2P3 (France), BMBF and DFG (Germany),
INFN (Italy), NFR (Norway), MIST (Russia), and
PPARC (United Kingdom). Individuals have received
support from the A.P. Sloan Foundation, Research Cor-
poration, and Alexander von Humboldt Foundation.

*Also with Universita di Perugia, I-06100 Perugia, Italy.

[1] BABAR Collaboration, B. Aubert ef al, Phys. Rev. Lett.
86, 2515 (2001); B. Aubert et al., Phys. Rev. Lett. 87,
91801 (2001); B. Aubert et al., Phys. Rev. D 66, 32003
(2002); Belle Collaboration, K. Abe et al., Phys. Rev.
Lett. 86, 2509 (2001); K. Abe et al., Phys. Rev. Lett. 87,
91802 (2001); K. Abe et al, Phys. Rev. D 66, 71102
(2002).

[2] N. Cabibbo, Phys. Rev. Lett. 10, 531 (1963);
M. Kobayashi and T. Maskawa, Prog. Theor. Phys. 49,
652 (1973).

[3] BABAR Collaboration, B. Aubert et al., Phys. Rev. D 65,
32001 (2002). This publication forms a basic reference
for our analysis. The helicity angles and thrust variable
are described in section VIL.C.1, the ARGUS function
and beam energy-substituted mass in section VILC,
and the particle identification and tracking criteria for
the photons, electrons, and muons in sections V.C and
V.D.

071801-7

(4]

(5]
(6]
(7]
(8]

(91

[10]

CLEO Collaboration, M. Bishai et al., Phys. Lett. B 369,
186 (1996); BABAR Collaboration, B. Aubert et al., Phys.
Rev. Lett. 90, 91801 (2003).

M. Beneke, G. Buchalla, and 1. Dunietz, Phys. Lett. B
393, 132 (1997).

A. Deandrea et al., Phys. Lett. B 318, 549 (1993).

EE. Close et al., Phys. Rev. D 57, 5653 (1998).

BABAR Collaboration, B. Aubert et al., Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 1 (2002).

The particle identification selection is taken from
Ref. [3], where the electron candidates are required to
satisfy combinations of “Loose” and ““VeryTight” selec-
tions, the muon candidates use combinations of
“VeryLoose,” “Loose,” and ‘“VeryTight” selections,
and the photon candidates use the same photon selections
described in sections V.B and V.C.

BABAR Collaboration, B. Aubert et al., Phys. Rev. D 66,
32003 (2002). The charged kaon candidate not from ¢
decay will be vetoed if it satisfies the “loose pion”
selection, whereas the kaon candidates from the ¢ decay
use a selection slightly more stringent than the
“VeryLoose” selection as described in this reference in
section ILD.3.

M. Jacob and G.C. Wick, Ann. Phys. (Paris) 7, 404
(1959); A.D. Martin and T. D. Spearman, Elementary
Particle Physics (North-Holland, Amsterdam, 1970).
ARGUS Collaboration, H. Albrecht et al., Z. Phys. C 48,
543 (1990).

Particle Data Group, D. E. Groom et al., Eur. Phys. J. C
15, 1 (2000).

CLEO Collaboration, A. Anastassov et al., Phys. Rev.
Lett. 84, 1393 (2000).

L3 Collaboration, M. Acciarri et al., Phys. Lett. B 391,
481 (1997).

071801-7



