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Abstract

We report evidence for the B meson decays, B± → J/ψηK± and B0 → J/ψηK0
S , using 90 mil-

lion BB events collected at the Υ (4S) resonance with the BABAR detector at the PEP-II e+e−

asymmetric-energy storage ring. We obtain preliminary branching fractions in the charged and
neutral channels of (10.8± 2.3(stat.)± 2.4(syst.))× 10−5 and (8.4± 2.6(stat.)± 2.7(syst.))× 10−5,
respectively.
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Università di Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy

J. C. Chen, N. D. Qi, G. Rong, P. Wang, Y. S. Zhu

Institute of High Energy Physics, Beijing 100039, China

G. Eigen, I. Ofte, B. Stugu

University of Bergen, Inst. of Physics, N-5007 Bergen, Norway

G. S. Abrams, A. W. Borgland, A. B. Breon, D. N. Brown, J. Button-Shafer, R. N. Cahn, E. Charles,
C. T. Day, M. S. Gill, A. V. Gritsan, Y. Groysman, R. G. Jacobsen, R. W. Kadel, J. Kadyk, L. T. Kerth,
Yu. G. Kolomensky, J. F. Kral, G. Kukartsev, C. LeClerc, M. E. Levi, G. Lynch, L. M. Mir, P. J. Oddone,

T. J. Orimoto, M. Pripstein, N. A. Roe, A. Romosan, M. T. Ronan, V. G. Shelkov, A. V. Telnov,
W. A. Wenzel

Lawrence Berkeley National Laboratory and University of California, Berkeley, CA 94720, USA

K. Ford, T. J. Harrison, C. M. Hawkes, D. J. Knowles, S. E. Morgan, R. C. Penny, A. T. Watson,
N. K. Watson

University of Birmingham, Birmingham, B15 2TT, United Kingdom

T. Deppermann, K. Goetzen, H. Koch, B. Lewandowski, M. Pelizaeus, K. Peters, H. Schmuecker,
M. Steinke

Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany

N. R. Barlow, J. T. Boyd, N. Chevalier, W. N. Cottingham, M. P. Kelly, T. E. Latham, C. Mackay,
F. F. Wilson

University of Bristol, Bristol BS8 1TL, United Kingdom

K. Abe, T. Cuhadar-Donszelmann, C. Hearty, T. S. Mattison, J. A. McKenna, D. Thiessen

University of British Columbia, Vancouver, BC, Canada V6T 1Z1

P. Kyberd, A. K. McKemey

Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom

V. E. Blinov, A. D. Bukin, V. B. Golubev, V. N. Ivanchenko, E. A. Kravchenko, A. P. Onuchin,
S. I. Serednyakov, Yu. I. Skovpen, E. P. Solodov, A. N. Yushkov

Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia

D. Best, M. Bruinsma, M. Chao, D. Kirkby, A. J. Lankford, M. Mandelkern, R. K. Mommsen, W. Roethel,
D. P. Stoker

University of California at Irvine, Irvine, CA 92697, USA

C. Buchanan, B. L. Hartfiel

University of California at Los Angeles, Los Angeles, CA 90024, USA

2



B. C. Shen

University of California at Riverside, Riverside, CA 92521, USA

D. del Re, H. K. Hadavand, E. J. Hill, D. B. MacFarlane, H. P. Paar, Sh. Rahatlou, U. Schwanke,
V. Sharma

University of California at San Diego, La Jolla, CA 92093, USA

J. W. Berryhill, C. Campagnari, B. Dahmes, N. Kuznetsova, S. L. Levy, O. Long, A. Lu, M. A. Mazur,
J. D. Richman, W. Verkerke

University of California at Santa Barbara, Santa Barbara, CA 93106, USA

T. W. Beck, J. Beringer, A. M. Eisner, C. A. Heusch, W. S. Lockman, T. Schalk, R. E. Schmitz,
B. A. Schumm, A. Seiden, M. Turri, W. Walkowiak, D. C. Williams, M. G. Wilson

University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, CA 95064, USA

J. Albert, E. Chen, G. P. Dubois-Felsmann, A. Dvoretskii, D. G. Hitlin, I. Narsky, F. C. Porter, A. Ryd,
A. Samuel, S. Yang

California Institute of Technology, Pasadena, CA 91125, USA

S. Jayatilleke, G. Mancinelli, B. T. Meadows, M. D. Sokoloff

University of Cincinnati, Cincinnati, OH 45221, USA

T. Abe, F. Blanc, P. Bloom, S. Chen, P. J. Clark, W. T. Ford, U. Nauenberg, A. Olivas, P. Rankin, J. Roy,
J. G. Smith, W. C. van Hoek, L. Zhang

University of Colorado, Boulder, CO 80309, USA

J. L. Harton, T. Hu, A. Soffer, W. H. Toki, R. J. Wilson, J. Zhang

Colorado State University, Fort Collins, CO 80523, USA

D. Altenburg, T. Brandt, J. Brose, T. Colberg, M. Dickopp, R. S. Dubitzky, A. Hauke, H. M. Lacker,
E. Maly, R. Müller-Pfefferkorn, R. Nogowski, S. Otto, J. Schubert, K. R. Schubert, R. Schwierz, B. Spaan,

L. Wilden

Technische Universität Dresden, Institut für Kern- und Teilchenphysik, D-01062 Dresden, Germany

D. Bernard, G. R. Bonneaud, F. Brochard, J. Cohen-Tanugi, P. Grenier, Ch. Thiebaux, G. Vasileiadis,
M. Verderi

Ecole Polytechnique, LLR, F-91128 Palaiseau, France

A. Khan, D. Lavin, F. Muheim, S. Playfer, J. E. Swain, J. Tinslay

University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom

M. Andreotti, V. Azzolini, D. Bettoni, C. Bozzi, R. Calabrese, G. Cibinetto, E. Luppi, M. Negrini,
L. Piemontese, A. Sarti
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The first observation of color-suppressed B decay modes with hidden strangeness, ss, was in
the decay mode, B → J/ψφK, by the CLEO collaboration [1] and more recently from the BaBar
collaboration [2]. The color suppressed B decay modes are represented at the parton level in
Figure 1.
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Figure 1: The Feynman diagrams of color-suppressed B decays

Figures 1(a) and (b) show Feynman diagrams for two-body final state color-suppressed B decays
into Cabbibo allowed (J/ψK) and Cabbibo suppressed (J/ψπ) modes. The color suppression is due
to the requirement that the color of the quark and anti-quark from theW decay must appropriately
be matched with the charm quark and the anti-d quark such that the final state particles are color
singlets. Producing a φ meson in a three-body final state may be achieved by the addition of ss
quark-antiquark pairs as shown in Figure 1 (c). It is possible also that a φ is formed from three
gluon emission as shown in the OZI violating decay in Figure 1(d). Since the η meson is described
by the quark-antiquark combination,

η =
uu+ dd− 2ss√

2

we would also expect B mesons, via the similar diagrams, to decay into states with an η, such as
B → J/ψηK, where the ss pairs or two gluons form an η instead of a φ. Experimentally, the η is
seen in charmless decays at a somewhat anomalously high rate [3], which suggests that gluonic η
couplings are large. This may lead to an enhancement in the decay rate of B → J/ψηK. Since the
basic diagrams are the same, we would expect the branching fraction of this mode to be comparable
to BR(B → J/ψφK)= (4.4 ± 1.4 ± 0.5) × 10−5 [2]. If the rate for non-resonant B → J/ψηK is
found to be much higher or lower, then some other physics may be indicated.

If the mode B → J/ψηK is observed, the neutral mode may be useful for CP violation stud-
ies [4], [5] and investigation of quasi-two body decays. The decay, B → ψ(2s)K, has been observed,
and hence the decay B → ψ(2s)K → J/ψηK should be produced where the J/ψη are in a rel-
ative P-wave state with an inferred branching fraction [6] of B(B+ → ψ(2s)K+ → J/ψηK+) =
(2.1 ± 0.2) × 10−5. If we observe a two body S-wave J/ψη resonance, it would have the quantum

8



numbers, JPC = 1+−, which are those of the unconfirmed hc. However, since the mass threshold
of J/ψη is 3.64 GeV/c2, which is higher than the lowest lying hc mass (estimated as the average
of the three χ state masses), such an observed resonance could indicate a new particle state. We
note in addition that if a J/ψη resonance is found with a mass higher than open charm threshold
(∼3.77 GeV/c2) it is unlikely to be a conventional charmonium state.

The data used in this analysis correspond to a total integrated luminosity of 81.87 fb−1 taken
on the Υ (4S) resonance producing a sample of 89.96 ± 0.99 million BB events (NBB). The data
were collected at the PEP-II asymmetric-energy e+e− storage ring with the BABAR detector, fully
described elsewhere [7]. The BABAR detector includes a five-layer silicon vertex tracker (SVT)
and a forty-layer drift chamber (DCH) in a 1.5-T solenoidal magnetic field. These devices detect
charged particles and measure their momentum and energy loss. Photons and neutral hadrons
are detected in a CsI(Tl) crystal electromagnetic calorimeter (EMC). The EMC detects photons
with energies as low as 20 MeV and identifies electrons by their energy deposition. An internally
reflecting ring-imaging Cherenkov detector (DIRC), composed of quartz bars, measures the charged
particle velocity for particle identification. Penetrating muons and neutral hadrons are identified
by the steel flux return, which is instrumented with 18-19 layers of resistive plate chambers (IFR).

The preliminary selection criteria in this analysis follow previous BABAR analyses [8] and are
briefly recalled here. All charged track candidates are required to have at least 12 DCH hits and
transverse momentum greater than 100 MeV/c. The track candidates not associated with a K0

S

decay must also originate near the nominal beam spot. The muon, electron, and kaon candidates
must have a polar angle in radians of 0.3 < θµ < 2.7, 0.410 < θe < 2.409, and 0.45 < θK < 2.50,
respectively. In addition, all charged kaon candidates are required to have a laboratory momentum
greater than 250 MeV/c. These requirements ensure the selection of tracks in the regions where
the acceptance is well understood by the particle identification (PID) systems.

The detailed explanation the PID is given elsewhere [9], [10]. Briefly, photon candidates are
identified from energy deposited in contiguous EMC crystals, summed together to form a cluster
with total energy greater than 30 MeV and a shower shape consistent with that expected for
electromagnetic showers. Electron candidates are required to have a good match between the
expected and measured energy loss (dE/dx) in the SVT and DCH, and between the expected and
measured Cherenkov angle in the DIRC. The measurements of the ratio of EMC shower energy to
track momentum, and the number of EMC crystals associated with the track candidate must be
appropriate for an electron. Muons are selected based on the energy deposited in the EMC, the
number and distribution of hits in the IFR, the match between the IFR hits and the extrapolation
of the track by the DCH into the IFR, and the depth of penetration of the track into the IFR.
Charged kaon candidates are selected based on energy loss information from the SVT and DCH
and the Cherenkov angle measured by the DIRC.

The intermediate states in the decay modes used in this analysis, J/ψ (e+e−), J/ψ (µ+µ−), and
K0

S (π+π−), are selected within the mass intervals listed in Table 1. The di-electron mass interval
is larger than the di-muon to account for Bremstrahlung in the detector. The K0

S decay length is
required to be greater than 0.1 cm.

The remaining four selection criteria are the η mass, the π0 veto, the photon helicity angle [8]
from the η decay and the thrust angle. In the following we describe each of these criteria and the
process used to determine their final cut values.

The η candidates are required to have γγ mass within the range listed in Table 1. If either of
the photons associated with an η candidate, in combination with any other photon in the event,
forms a γγ mass near the nominal π0 mass, the η candidate is vetoed as a π0 background. The

9



π0 veto selection was adjusted by limiting the mass difference between all possible γγ masses and
the nominal π0 mass as shown Table 1. The η candidate is rejected if

∣∣∣cos θηγ
∣∣∣ is near 1, where

θηγ is the photon helicity angle in the η rest frame. This rejects combinatoric background due to
random pairs of photons that typically have a photon helicity angle distribution that peaks at 0 or
180 degrees.

An additional requirement is applied to separate two-jet continuum events from the more spher-
ical B meson decays. The angle θT between the thrust [8] direction of the B meson candidate and
the thrust direction of the remaining tracks in the event is calculated. We reject events when |cos θT |
is near 1, since the distribution in cos θT is flat for BB events, while for background continuum
events the distribution is peaked at cos θT = ±1.

Estimation of the signal and the background use two kinematic variables: the energy difference
∆E between the energy of the B candidate and the beam energy E∗

b in the Υ (4S) rest frame; and

the energy-substituted mass mES =
√(
E∗

b

)2 − (P ∗
B)2, where P ∗

B is the reconstructed momentum
of the B candidate in the Υ (4S) frame. Typically these two variables in a two-dimensional plot
for the B meson signal will appear as a weakly correlated two-dimensional Gaussian distribution,
whereas the background is roughly uniformly distributed. The ∆E and mES resolutions are mode
dependent. A signal region for each mode, B+ and B0, is defined as a rectangular region in the
∆E versus mES plane with |mES − mB| < 7.5 MeV/c2, where mB is the mass of B meson and
|∆E| <40 MeV. Before the data were analyzed, these four final selection criteria were optimized
using a Monte Carlo (MC) simulation of the signal and the known backgrounds. Motivated by the
B → J/ψφK measurement, the ab initio value of the branching fraction for B → J/ψηK used
in the signal MC was 5 × 10−5. The number of reconstructed MC signal events (nmc

s ) and the
number of reconstructed MC background events (nmc

b ) in the signal box were obtained using the
same criteria to estimate the signal significance ratio, nmc

s /
√
nmc

s + nmc
b . This ratio was maximized

by varying these four selection criteria. The resulting criteria were fixed and are listed in Table 2.
The resulting ∆E and mES distributions for data are shown in Figs. 2 and 3. The number of data
events (n0) observed in the signal box region for each mode, B+ and B0, is listed in Table 3.

The mES distribution background shape is determined by fitting the line shape of an ARGUS
function [8] for each mode to the mES distributions formed from the ∆E sideband region of the
on-peak data of 0.1 < |∆E| < 0.14 for the B+ mode and 0.08 < |∆E| < 0.28 for the B0 mode. To
determine the number of signal events, we fit the data mES distribution to a model ( see Figs. 2(c)
and 3(c) ) that is the sum of this ARGUS function whose normalization is allowed to vary, and
a signal Gaussian, whose width is fixed to the MC value but whose mean and normalization are
allowed to vary. The integral of this resulting ARGUS function over the signal box region yields
the number of background events (nb) and its uncertainty (σb). Similar mES background shapes
were found by using a γγ mass sideband outside the nominal η mass. Occasionally backgrounds
with an inclusive J/ψ decay will lead to a peaking background near or at the B mass in the mES

distribution. Background shapes consisting of a sum of the ARGUS function and a broad Gaussian
were attempted, however its contribution was found to be small and was dropped from the final
background fit. The final values of nb and σb are listed in Table 3.

We find evidence for signals in the J/ψηK+ and J/ψηK0
S modes as seen in Figs. 2 and 3. To

determine the branching fraction for these modes the number of signal events (ns) is given by a
simple subtraction of the estimated number of background events from the events in the signal
box region, ns = n0 − nb. The efficiencies (ε) for each mode, listed in Table 3, are determined by
MC simulation with three–body phase space and unpolarized J/ψ decays. The calculation of the
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Figure 2: The ∆E and mES distributions for B+ → J/ψηK+. The ∆E vs. mES event distribution
is shown in (a) with a small rectangle corresponding to the signal region selection defined in the
text. The ∆E projection within a mES signal region selection is shown in (b). The mES projection
within a ∆E signal region selection is shown in (c). The solid line in (c) is the fit described in the
text.
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Figure 3: The ∆E and mES distributions for B0 → J/ψηK0
S . The descriptions of Figs. 3(a), (b)

and (c) follow those of Figs. 2(a), (b) and (c), respectively.

branching fraction (BF ) is

BF =
ns

NBB × ε× f
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where ε is the efficiency for the mode and f is the product of secondary branching fractions for the
J/ψ, η, and K0

S . The results are given in the last column of Table 3 where the first and second BF
uncertainities are the statistical and systematic, respectively. The statistical uncertainty is derived

from the error on ns which is
√
n0 + σ2

b .
In Table 4, we list the contribution to the systematic uncertainty from the error on each of

the following quantities: NBB; secondary branching fractions [6]; MC statistics; PID, tracking,
and photon detection efficiencies; π0 veto; η mass range; background parameterization; and model
dependence. The PID, tracking, and photon detection efficiency uncertainties are based on the
study of data control samples [11]. The error in the π0 veto efficiency was studied by measuring
the inclusive η rate in both data and MC. After varying the π0 veto mass cut, the change in the
number of inclusive η’s was determined in data and MC to measure the deviation between the data
and the simulation and to estimate the resulting systematic uncertainty. The uncertainty in the
η mass range was determined by comparing the measured η mass resolution in inclusive η decays
to the η mass resolution from the signal MC. The background parameterization uncertainty was
estimated by changing the ARGUS shape parameter by ±1 standard deviation, refitting the mES

data distribution and recalculating the number of signal events. Additional systematic uncertain-
ties due to the decay model dependence are estimated for the modes J/ψηK+ and J/ψηK0

S . MC
simulations are used to determine how much the efficiency depends on assumptions about interme-
diate resonances and angular distributions. Five samples were studied. One sample is generated
with 100% transversely polarized J/ψ and another with 100% longitudinally polarized J/ψ. The
other three samples had large J/ψη mass, large ηK mass or small J/ψK mass. The resulting
relative change in efficiency is entered as a fractional systematic uncertainty in Table 4. The total
systematic uncertainty for each mode combines all these separate errors in quadrature, is listed the
last column in Table 4. and is used to determine the BF systematic uncertainties listed in Table 3.

The probability for a null hypothesis (P-value) is defined as the Poisson probability that the
estimated number of background events fluctuates to observed number of events n0 or greater. In
Table 3 we provide P-values calculated using the central value of the background estimate nb and
the value increased by 1 standard deviation, nb +σb, to provide an estimate of probability including
the background systematic uncertainty.

We determine also the 90% confidence level upper limit on the branching fraction using n0,
nb, and σb, in the signal region, and the total systematic uncertainty σT . Assuming the two
uncertainties (σb, σT ) are uncorrelated and Gaussian, the Bayesian upper limit on the number
of events (N90%) is obtained by folding the Poisson distribution with two normal distributions
describing these two uncertainties and integrating the resulting function to the 90% confidence
level (C.L.). This assumes that the a priori branching fraction distributions are uniform. The
results are listed in Table 3.

Our preliminary branching fraction is comparable to B → J/ψφK and is consistent with simple
expectations from color-suppressed decay diagrams. The ratio of the charged (J/ψηK±) to neutral
(J/ψηK0

S) branching fractions is expected to be two which is not inconsistent with our results.
Although the current statistics are too small, a larger data set of the neutral mode could be useful
for a test of CP violation and both charged and neutral modes may enable a search for resonances
in the two body intermediate states.

In summary, we find evidence for the decay B → J/ψηK in two modes with preliminary
branching fractions of, B(B+ → J/ψηK+) = (10.8 ± 2.3 ± 2.4) × 10−5 and B(B0 → J/ψηK0

S) =
(8.4 ± 2.6 ± 2.7) × 10−5.
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TABLES

Table 1: Mass regions for selection of intermediate particles.

Mode Mass Range (GeV/c2)
J/ψ → e+e− 2.95 < M(e+e−) < 3.14
J/ψ → µ+µ− 3.06 < M (µ+µ−) < 3.14
K0

S → π+π− 0.489 < M (π+π−) < 0.507
η → γγ 0.525 < M (γγ) < 0.571

Table 2: Final selection criteria for the B± → J/ψη(γγ)K± and B0 → J/ψη(γγ)K0
S modes.

Variable J/ψηK+ J/ψηK0
S

|Mη − 0.547| ≤ 0.023 GeV/c2 0.023 GeV/c2

π0 veto if |M(γη + γother) − 0.135| ≤ 0.017 GeV/c2 0.010 GeV/c2

Helicity: |cos(θηγ)| ≤ 0.93 0.81
Thrust: |cos(θT )| ≤ 0.8 0.9

Table 3: Branching fractions and 90% C.L. upper limits.

Mode ε n0 nb ± σb N90% 90% C.L.U.L. P-value Branching Fraction
(10−5) range (10−5)

J/ψηK+ 10.75% 99 50.3 ± 3.0 70.0 <15.5 (0.09 − 1.42) × 10−8 10.81 ± 2.31 ± 2.37
J/ψηK0

S 8.53% 39 18.5 ± 1.7 34.5 <14.1 (.23 − 1.3) × 10−4 8.35 ± 2.64 ± 2.67

Table 4: Systematic uncertainty summary on the branching fractions. All are fractional uncertain-
ties in percent.

Mode NBB Secondary M.C. PID, π0 η Bkgd. Model Total
Branching Stat. tracking, veto mass Param.
Fraction γ Det. cut

J/ψηK+ 1.1 2.48 1.77 8.2 8.1 3.40 16.7 5.1 22.0
J/ψηK0

S 1.1 2.52 2.17 8.3 8.3 3.14 27.0 9.5 32.0
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