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We have analyzed 121.4 fb~! of data collected at the Y (5S) resonance by the Belle experiment using the
KEKB asymmetric-energy e* e~ collider to search for the decay BY — J/wz®. We observe no signal and
report an upper limit on the branching fraction B(B? — J/wz") of 1.21 x 107> at 90% confidence level.
This result is the most stringent, improving the previous bound by 2 orders of magnitude.
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I. INTRODUCTION of strong isospin in the n — z° transition [2,3]. Figure 1
shows the Feynman diagram for the BY — J/yn transition
at the tree level, where the 5 can transit to z° under the
assumption of isospin-zero admixture in z°. The isospin

suppression factor is naively predicted from the measured

Understanding the physics governing the rare decay
of heavy-flavored B mesons is crucial to test the standard
model (SM) at low energy scales. Any experimental
deviation from the SM expectation would hint at
new physics effects beyond the SM. At leading order,
the branching fraction of the decay B?—J/yx°

B(BY - J/wx°) can be predicted from the measurement b ¢ !
of the branching fraction of BY — J/yn [1], with a w+ c
suppression factor of order O(1072) due to the violation
By
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ratio of the decay widths for y' — J/wz° and v/ — J/yn
transitions [4] and corresponding theoretical prediction
for T(28) — Y(15)z° and Y(2S) — Y(1S)n transitions.
We expect the B(B; — J/wx") of the order of 4 x 1076
due to n—° transition. The contributions from W
exchange and annihilation processes are much smaller,
of the order of 10~® or less, since the gluonic production
of a 7° violates the isospin. The predictions are based on
the measured branching fractions of BY —» KK~ and
BY — ztx~ [5], which at leading order can only proceed
via such transitions.

The existing experimental limit on B(BY — J/yz") of
1.2 x 1073 at 90% confidence level (CL) was first set by
the L3 collaboration in 1997 [6]. In this article, we report
the search results for the B — J/yz" decay based on
121.4 tb~! of data collected by the Belle detector. Unless
otherwise stated, the inclusion of the charge-conjugate
decay mode is implied throughout this paper.

II. THE BELLE DETECTOR
AND THE DATA SAMPLE

The Belle detector is a cylindrical large-solid-angle
magnetic spectrometer situated at the interaction point
(IP) of the KEKB e"e~ beam collider [7]. The detector
consists of an innermost silicon vertex detector followed
by 50 layers of multiwired central drift chamber (CDC)
measuring the vertices, momentum, and energy loss
(dE/dx) of charged particles; an array of aerogel threshold
Cherenkov counters (ACC) and barrel-like arrangement
of time-of-flight scintillation counters dedicated to the
charged particle’s identification; an electromagnetic calo-
rimeter (ECL) for the measurement of energy deposited by
the charged particles and photons through electromagnetic
interactions; a superconducting solenoid housing the sub-
detectors in a uniform magnetic field of strength 1.5 T; and
an outermost K 2 and muon (KLM) detector to identify the
relatively long-lived K9 mesons and muons. The z axis of
the detector points in the direction opposite to the positron
beam. A detailed description of the Belle detector is given
elsewhere [8].

The total bb production cross section in e* e~ collisions
at the center-of-mass (c.m.) energy of 10.86 GeV is

measured to be o)>* = 0.340 £ 0.016 nb [9]. A fraction
fs =(22.0530)% [10] of bb events produces the
kinematically allowed B%”'B%" pairs, such as BYB",
BY B, and BYBY, with a relative percentage of f g =
(87.0 & 1.7)% and f o 5o = (7.3 £ 1.4)% [9]. Excited BY
mesons decay to tileS ground state by emitting a
low-energy photon, often undetected due to poor re-
construction efficiency. The number of BYBY pairs ana-
lyzed is estimated to be N gopo =121.4 b~ x O_;r};(ss) X fy=
(9.08 008 x 10°.

III. EVENT SELECTION

We perform a blind analysis using Monte Carlo (MC)
simulated events to optimize the B — J/ya° selection
criteria. The MC events are generated using EVTGEN [11]
followed by the GEANT3 [12] simulation to model the
detector response. The final-state radiations are incorpo-
rated using the PHOTOS package [13].

The event selection proceeds by reconstructing J/y
using the eTe™ and y*u~ decay channels and the z° from
two-photon final states. J/w candidates are formed by
combining two oppositely charged particles whose closest
approach to the nominal IP is within 0.5 and 3 cm along the
radial and z axis, respectively. Electrons are identified
based on the position matching between the extrapolated
charged track and ECL cluster, the dE/dx measurements
of a charged particle in CDC, the ratio of deposited energy
in ECL to the measured momentum using the tracking
detector, the transverse spread of the electromagnetic
shower in ECL, and light yield in ACC. In addition, the
four momenta of photons within 50 mrad of the momentum
direction of the selected electron track at IP are added to
the electron candidate to correct the possible energy loss
due to bremsstrahlung radiation. Muons are selected using
the information on penetration depth and lateral spread of
the charged-particle hits in the KLM. The reconstructed
invariant masses M,:,- and M, are required to
satisfy —72MeV/c? <M+, —my), <+41MeV/c? and
—102 MeV/c* < M+ - —my,, < +47 MeV/c?, respec-
tively, where the intervals correspond to approximately
3¢ region around the nominal J/y mass, my;,, [1].
Asymmetric mass windows account for the radiative effects
resulting in a tail towards the lower values of invariant
masses. A simultaneous mass-vertex constrained fit is
further imposed on the selected J/y candidates to improve
the momentum resolution. The y? of the fit is required to be
less than 60.

The ECL clusters not matched to any tracks in CDC are
identified as photons for z° — yy reconstruction. Photon
candidates must have energies greater than the threshold of
50 and 100 MeV in the barrel and end-cap regions,
respectively. The barrel region covers the laboratory
polar angle of 32° < 0 < 130°, whereas end-cap regions
cover the ranges 12° <6 < 32° and 130° <6 < 157°.
The yy invariant mass, MW, is required to be within
80—180 MeV /c?. We further perform a mass-constrained
fit to improve the momentum resolution, and the 0
candidates with y> < 30 on the fit quality are selected
for the BY — J/yn" reconstruction.

In an event, four momenta of the selected J/y and z°
candidates are added to reconstruct the BY candidates.
We compute the kinematical observables: beam-

constrained mass, My, = (\/ Epeam” — | Ppo|*c?)/c?, and

the energy difference, AE = Epo — Epeqm; Where Epeqy 18
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the beam energy, pg and Ejpo are respectively the momen-

tum and energy of the BY candidates, all calculated in
the c.m. frame. The AFE distributions for the signal
candidates in three different BY”BY” production modes
have slightly different means, resulting in a degradation of
AE resolution. As a result, we define a new variable,
AE' = AE + (My,, — mgo)c?, where mp is the nominal BY
mass [1]. B? candidates with M. > 5.35 GeV/c? and
—0.2 GeV < AE' < 0.1 GeV are retained for further
analysis.

Backgrounds arising from the “continuum” (ete™ — gg,
g=u,d,s, and ¢), BY'B" (referred as bsbs), and
BWB®,  B®B®z and BBrrx (referred to as non-bsbs)
decay at T'(5S) resonance are studied using a dedicated MC
sample that is 6 times larger than the data sample. In
contrast to the BYBY pairs produced with relatively small
momenta in the c.m. frame, the particles from the con-
tinuum background have back-to-back jetlike distributions.
This topological difference is used to suppress the con-
tinuum background by requiring the ratio of second to
zeroth Fox-Wolfram moments, calculated using all the
charged particles in an event, to be less than 0.4 [14].

Having applied all the aforementioned criteria, approx-
imately 2.3% of the events have multiple BY candidates. In
such cases, the candidate with the least y* sum of the J/y
mass-vertex-constrained fit and z° mass constraint fit is kept
as the best candidate. Based on the MC study, we find that
this procedure selects the correct BY candidates about 79%
and 77% of the time in the electron and muon channels,
respectively. The fraction of incorrectly reconstructed can-
didates in the signal events, where at least one of the B
daughters is either mis-reconstructed or originates from the
other BY that accompanies the signal decay, is negligibly
small (< 2%); hence, such events are not treated separately.
From the MC simulation, the signal reconstruction efficiency
is estimated to be (31.040.1)%, where the uncertainty is
statistical only.

IV. MAXIMUM LIKELIHOOD FIT

We extract the signal yield using a two-dimensional (2D)
unbinned extended maximum likelihood fit to the My, and
AE' distributions. The likelihood function is defined as

N

Lﬁt = E_Zjnj H (anPJ(MIIZ)C’ AE“)) N (1)
i J

where P; are the signal and background probability

distribution functions (PDFs) with a corresponding yield
of nj, and N is the total number of data points.

A. The signal and background fit functions

The PDF for the signal M, distribution determined from
a large MC simulation has three peaks attributed to

B%" B%" states: the component from BY BY" is parametrized
using a Crystal Ball (CB) [15] function, while the dis-
tributions from BYBY" and BYB? are parametrized using two
Gaussian (G) functions with a common mean. The final
PDF for the signal M distribution is determined by adding
the CB component with the two Gaussian components
using the measured fractions of fpo gor and fpor po [9]. AE'
distribution for the signal is fitted with a combination of CB
and G, sharing a common mean. The linear correlation
coefficient between My, and AE’ is small (3%) around the
prominent peaks. Therefore, a 2D PDF is calculated by
multiplying the PDFs for M,. and AE’ distributions.
Backgrounds from bsbs and non-bsbs decays with a
correctly reconstructed J/y candidate are categorized into
three types: BY — ceX, BY — J/y", and B — ceX. For
the first two types, we construct the nonparametric 2D
histogram PDFs for M. and AE’ distributions using the
MC event samples. Backgrounds from the continuum
production and B — ccX are fitted with an ARGUS [16]
function having an end point at 5.433 GeV/c? for the My,
distribution and first-order Chebychev polynomial for the
AE' distribution. The final PDF is constructed by adding
the signal and different background components. Based
on the MC simulation, the yields corresponding to the
BY — ceX and BY — J/ya" background components are
fixed to 4.33£2.08%02, and 5.17 £2.2770% events,
respectively, where the first and second uncertainties are
statistical and systematic uncertainties. The uncertainty on
f, dominates the systematic uncertainty for BY — c¢X [10],
whereas the uncertainty on the branching fraction and the
production fraction of BBX events at Y(5S) resonance
dominates the systematic uncertainty for Bg — J/yr® [1].
All the signal PDF parameters and the background ARGUS
function end point are fixed to the best-fit values obtained
from the MC simulated events, whereas the other back-
ground parameters and the yields for the signal and
remaining background component, a total of four param-
eters, are floated.

B. MC simulation validation

We study the BY — J/wz® decay at the Y (45) resonance
as a control sample to validate the event selection criteria
and estimate the discrepancy between the simulated and
recorded data. After applying an identical set of event
selection criteria except for the requirement of M. > 5.24,
we perform a 2D fit to the My, and AFE’ distributions of the
selected Bg candidates, where the AE’ for control sample
is defined using the nominal mass of the Bg meson [1].
The signal PDF consists of a CB function for the My,
distribution and a combination of CB and G with a common
mean for the AE’ distribution. The background from B
decays is dominated by the B — ccX events. The M}, and
AE' distributions for such events are modeled using a
nonparametrized 2D histogram PDF determined from an
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MC simulated B — ¢¢X event sample, which contains 100
times more events than expected events in data. The
remaining background is from the continuum production.
The M, distribution from the continuum background is
parametrized using an ARGUS function with an end point
at 5.289 GeV/c? and the AE’ distribution is fitted with a
first-order Chebychev polynomial. The means and reso-
lutions of the signal PDF and the signal and background
yields are floated in the final fit. The power-law tail-end
parameters of the CB functions are fixed to the estimated
values using the MC simulated signal data. The results of
the unbinned extended maximum likelihood fit to the data
sample are shown in Fig. 2. We observe 369.0 £ 26.6
signal events with an efficiency of (30.9+0.1)% and
measure the branching fraction of Bg — J/wn® to be
(1.63 £0.13) x 107> (where the uncertainty is statistical
only), which is in an excellent agreement with our previous
result [17]. The control sample study demonstrates excel-
lent data and MC agreement in the signal PDF parameters
which are within the statistical uncertainties. The small
difference is considered as a source of additional systematic
uncertainty.
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FIG. 2. Projections of the fit to selected B — J/y" events in
ete™ collision data having (619 £ 9) x 105 BB mesons at the
T(4S) resonance: (a) My, and (b) AE’ distributions. Black points
with error bars represent the data. Dashed (magenta), dotted
(cyan), dash-dotted (red), and solid (blue) lines are the signal,
b — ccq, continuum, and total PDFs, respectively.

C. Fit validation

We estimate the fit bias in the signal yield using ensembles
of 5000 pseudosamples each, where B — J/yz® signals
are selected randomly from the MC simulated events, and
the expected background events are generated using the
background PDFs based on the MC simulation. The
statistical fluctuations in the number of signal and
background events are incorporated using the Poisson
distribution. We then perform the 2D unbinned extended
maximum likelihood fit to each pseudosample, extracting
the signal yield and computing the deviation from the
input signal events before incorporating the statistical
fluctuations. We do not observe any significant biases for
signal yield around the upper limit value. As a result, we
take the mean (+5.5%) of the pull (the difference between
the fitted signal yield and the input value divided by the
statistical uncertainty) distribution with input signals
equal to the upper limit value as the corresponding
systematic uncertainty.

D. Fit results

Figure 3 shows the projections of the 2D fit to the
selected B — J/yn" events in the 121.4 fb~! of ete”
collision data. We obtain the yields of 0.0 £ 3.2 signal
events and 50.0 == 4.0 continuum and B — c¢c¢X events,
where the uncertainties are statistical only.

V. SYSTEMATIC UNCERTAINTIES

Except for the means and resolutions of the signal PDF,
the parameters fixed to the best-fit values are varied within
+1o of the statistical uncertainties to estimate the asso-
ciated systematic uncertainty due to predetermined values.
The systematic uncertainty due to the slight discrepancy in
the simulated and actual data is evaluated by changing the
means and widths according to their correction factors from
the control sample. Systematic uncertainties from the fixed
widths are evaluated by smearing them with their respective
ratio of widths from actual and MC data distributions in
the control sample. The systematic uncertainties due to the
fixed yields for BY — J/wn® and B? — ¢¢X components
are computed by varying the corresponding estimates by
the total uncertainties on the fixed yields. The deviations of
the signal yield from the central value of 0.0 events are
determined independently for all the fixed parameters.
These deviations are then added in quadrature, assigning
a systematic uncertainty of fgg events associated with PDF
parametrization, as shown in Table I. We assign the
systematic uncertainty of +0.2 events from the fit bias
of +5.5% in the signal pull. These uncertainties affect the
significance of the observed signal peak and branching
fraction measurements. Therefore, they are treated as
additive in nature. In contrast, the uncertainties mentioned
in Table II affect the branching fraction measurement
through the wuncertainties in signal reconstruction
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FIG. 3. Projections of the fit to selected BY — J/wz events in
the 121.4 fb™! of e*e™ collision data at the Y(5S) resonance:
(a) My, and (b) AFE’ distributions. Black points with error bars
represent the data. Long-dashed (magenta), dashed (red), dotted
(cyan), broken-line (black), and solid (blue) lines are the signal,
BY - c¢X, BY — J/wx", a continuum with remaining B — ¢cX,
and total PDFs, respectively. The signal contribution is approx-
imately zero, whereas the distribution corresponding to 90% CL
is shown using the solid (pink) line.

efficiency, the number of BY mesons, and branching
fractions B(J/w — [*17) and B(z° — yy). These uncer-
tainties are treated as multiplicative systematic uncertain-
ties. The uncertainty due to the z° reconstruction is
obtained from the study of 7~ — 7%z~ v, decays [18].
We assign the corresponding systematic uncertainty of
2.2%, which is dominated by the uncertainty on the number
of 7° events, the uncertainty of the 7+ identification used to
reconstruct the 7~ — 7% v, events, and the uncertainty
of the lepton identification used to reconstruct the
decay 7~ — ["pv, as normalization mode. A systematic

TABLEI Additive systematic uncertainties on B(B% — J /yn?).
Source Uncertainty (events)
PDF parametrization o
Fit bias oz
Total (quadratic sum) fg:g

TABLE II. Multiplicative
B(BY — J/wr").

systematic  uncertainties on

Source Uncertainty (%)
7° reconstruction 2.2
Tracking 2 x0.35
Lepton-ID selection 2 x 225
MC statistics 0.32
Number of BY mesons o3
B(J )y — I*17) 0.77

B(z° = yy) 0.03

J/w mass-vertex fit y> < 60 2.25
Total (quadratic sum) i

uncertainty of 0.35% per track, for the charged particles
having transverse momentum P, > 200 MeV/c, is deter-
mined from a study of partially reconstructed D** —
Dz*, D° —» K%x"z~, and K§ — n"n~ decays. The sys-
tematic uncertainty due to the lepton identification is
estimated from the study of yy — [T/~ production. An
additional uncertainty due to the hadronic interaction is
accounted for using the inclusive J/y — [T~ events from
B decays. We assign a systematic uncertainty of 2.25% per
lepton due to the lepton identification. An uncertainty of
0.32% is assigned, accounting for the limited MC statistics
used for the signal reconstruction efficiency (¢) evaluation.
The uncertainty on the number of BYBY mesons is 0%,

which inherently accounts for the uncertainties on total

integrated luminosity, 635(55), and f,. The uncertainties on

the secondary branching fractions are also considered [1].
The systematic uncertainty due to the J/y mass-vertex y?
requirement, as obtained from the control sample, is 2.25%.

VI. UPPER LIMIT ESTIMATION

With the absence of any significant signal yield, an upper
limit (UL) on the branching fraction is calculated using the
Bayesian approach. We integrate the profile likelihood ratio
(L/ L yax) over arange corresponding to physical values of
the signal yield, where L, is the profile likelihood for a
hypothesis of signal yield s and L, is the maximum
likelihood of data fit. The integration is performed from 0%
to 90% of the total area under the likelihood curve to
calculate the UL on the branching fraction. The profile
likelihood ratio is convolved with a Gaussian function with
a mean of zero and width equal to 0.8 events to incorporate
the additive uncertainty in Table I. In order to include the
systematic uncertainties in the denominator of Eq. (2) for
branching fraction, the modified likelihood ratio is further
convolved with a width proportional to the signals, where
the total multiplicative systematic uncertainty shown in
Table I is the proportionality constant. ULs on the yields at
90% CL are estimated to be 8.03 and 7.64 B — J/yr°
events with and without the systematic uncertainty,
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respectively. The upper limit on the branching fraction is
calculated as

[ NY€l(at90% CL) )
(S_) /Wﬂ)_szB?B?XGXBj/WXB”n’ ()

where NI is the signal yield at 90% CL, Npogo =

(9.08709¢) x 10° is the number of BYBY pairs at the
T(5S) resonance, ¢=0.3104+0.001 is the signal
reconstruction efficiency determined using the MC simu-
lation, B, is the sum of B(J/y — u*u~) and B(J/y —
ete™) [1], and B, is the branching fraction of z° — yy [1].
The resulting UL with the systematics on B(BY — J/yz)
at 90% CL is 1.21 x 1075.

VII. SUMMARY

In summary, we analyzed the 121.4 fb=! of e~ e
collision data at the Y(5S) resonance to search for the
decay BY — J/wn°. As no signals are observed, we set a
UL on B(BY = J/yn") of 1.21 x 107 at 90% CL. The
reported UL is the most stringent limit and improves the
previous upper bound by 2 orders of magnitude [6].
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