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We report the results of a search for the decay B — X(3872)(— J/wa*x~)y. The analysis is performed
on a data sample corresponding to an integrated luminosity of 711 fb~! and containing 772 x 10°BB pairs,
collected with the Belle detector at the KEKB asymmetric-energy e*e™ collider running at the Y(4S)

resonance energy. We find no evidence for a signal and place an upper limit of B(B® — X(3872)y) x
B(X(3872) = J/wyntn~) < 5.1 x 1077 at 90% confidence level.

DOI: 10.1103/PhysRevD.100.012002

Rare decays of B mesons are sensitive probes to study
possible new physics beyond the Standard Model (SM). In
the SM, the decay B® — c¢Cy proceeds dominantly through
an exchange of a W boson and the radiation of a photon
from the d quark of the B meson (Fig. 1). Many theoretical
predictions of branching fractions depend on the factori-
zation approach of QCD interactions in the decay dynam-
ics. In the case of B” — J/yy, the branching fraction has
been predicted to be 7.65 x 10~ using QCD factorization
[1]and 4.5 x 1077 when using a perturbative QCD (pQCD)
approach [2]. Possible new physics enhancements of the
branching fractions may be due to right-handed currents [1]
or nonspectator intrinsic charm in the BY meson [3].
Currently, the upper limit for B® — J/yy is 1.5 x 107°
at 90% confidence level [4].

The exotic X(3872) state, first observed by the Belle
experiment in 2003 [5], is now one of the most well-studied
charmoniumlike exotic states. Aside from pure charmo-
nium, it may also be a D°D*" molecule [6], a tetraquark
state [7], or a mixture of a molecule and a charmonium [8].
Since X(3872) may, unlike the J/y, contain components
other than pure charmonium, the branching fraction of
BY — X(3872)y should be smaller than that of B® — J/yry
which proceeds through the b — ¢¢ d process. No former
search for this decay has been published yet.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

Our measurement is based on a data sample correspond-
ing to an integrated luminosity of 711 fb~! that contains
772 x 10°BB pairs, collected with the Belle detector at the
KEKB asymmetric-energy e e (3.5 on 8 GeV) collider [9]
running at the Y (4S) resonance. The Belle detector is a
large-solid-angle magnetic spectrometer that consists of a
silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters (ACC), a barrellike arrangement of time-of-flight
scintillation counters (TOF), and an electromagnetic calo-
rimeter comprised of CsI(TI) crystals (ECL), all located
inside a superconducting solenoid coil that providesa 1.5 T
magnetic field. An iron flux-return yoke located outside the
solenoid is instrumented to detect and identify K9 mesons
and muons (KLM). The detector is described in detail
elsewhere [10].

Two inner detector configurations are used in this
analysis. A beam pipe of radius 2.0 cm and a 3-layer
SVD were used for the first data set of 140 fb~!, while a
beam pipe of 1.5 cm radius and a 4-layer SVD silicon
detector were used to record the remaining data set of
571 fb=! [11]. All the Monte Carlo (MC) samples in this

FIG. 1. A Feynman diagram of B® — c¢y.
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analysis are generated by the EVTGEN package [12] and the
response of the Belle detector is simulated by the GEANT3
package [13]. QED final-state radiation (FSR) is simulated
using the PHOTOS package [14]. These samples are used to
optimize the selection criteria and determine the signal
detection efficiency. Simulation assumes that the X(3872)
decays to J/wntz~ entirely via J/wp®. The J/y then
decays to two channels: y*u~ or e™e”. Charge-conjugate
modes are implied throughout this paper. We generate one
million events for each channel. In any given event of signal
MC, only one of the two B mesons will decay via the signal
mode while the other B meson decays generically. A signal
MC event is considered a correctly reconstructed one if it
matches the particle type and the momentum difference
between the signal MC and the reconstructed tracks is less
than 0.05 GeV/c.

Selection criteria for the final-state charged particles in
B® — X(3872)y are based on information obtained from
the tracking systems (CDC and SVD) and the hadron
identification systems (CDC, ACC, and TOF). Charged
final-state particles are identified using information pro-
vided by the CDC, the TOF, the ACC, the ECL, and the
KLM. The pion candidates are identified using informa-
tion from the ACC (number of photoelectrons), the CDC
(dE/dx), and the TOF. The muon candidates are identi-
fied using track penetration depth and hit information in
the KLM. The electron candidates are identified using the
transverse shape and size of the showers in the ECL,
the CDC (dE/dx), the ACC, the ratio of ECL energy to the
CDC track momentum, and the position matching between
the CDC track and the ECL cluster. These pieces of
information are combined to form a likelihood L for
charged particle identification.

We require 7+ candidates to satisfy L,/ x = L,/(L,+
L) > 0.6, while rejecting highly electronlike (£, > 0.95)
or muonlike (£, > 0.95) tracks. For muon tracks, we
require the particle identification likelihood £, > 0.9.
We define electron tracks as those with the particle identi-
fication likelihood £, > 0.9. Charged tracks are required to
originate from the nominal interaction point, which can
avoid poorly measured tracks or tracks which do not
come from B decays. For charged pion tracks, we require
the impact parameters in the radial direction (dr) and in
the beam direction (dz) to satisfy dr <2.0 cm and
|dz| < 5.0 cm, respectively. For lepton tracks, we require
|dr| < 0.2 cm and |dz] < 2.0 cm.

We reconstruct J/y candidates in the £7¢~ decay
channel (¢ € {e,u}) and include bremsstrahlung photons
that are within 50 mrad of the e™ or e~ tracks. The invariant
mass window used to select J/w candidates in the
ptp(ete”) channel is 3.03 (2.95)GeV/c*<M,,(M,,) <
3.13GeV/c?. These intervals are asymmetric in order to
include parts of the radiative tails. A lower mass require-
ment for the et e~ channel is used because electron tracks
are more sensitive to energy loss due to bremsstrahlung.

The lower bound corresponds to 1.7 and 1.4 standard
deviations for dimuon and dielectron channel, respectively;
the upper bound corresponds to 2.5 and 2.1 standard
deviation for dimuon and dielectron channel, respectively.
We also require yx2,/n.d.f. <20, where x2,/n.d.f.
is the y> per degree of freedom of the J/y — £+¢~
vertex fit. The J/y candidate is then combined with a
nt ™ pair to reconstruct an X(3872) candidate. The invari-
ant mass windows used to select X(3872) candidates are
3.7GeV/c* <M <3.95 GeV/c? and 3.5 GeV/c? <

HUTT
M,,., <3.95 GeV/c>. We require the dipion invariant
mass to satisfy M, > My, — M;, — 150 MeV/c?. This
selection was introduced in an earlier analysis [15] to reduce
combinatorial backgrounds from misidentified y conver-
sions, which correspond to M,, > 625 MeV/c? for the
X(3872). After the M, selection is applied, about 15.9%
(for dimuon channel) and 15.8% (for dielectron channel)
of the true signal is removed, while about 43.0% (for
dimuon channel) and 42.7% (for dielectron channel) of
the combinatorial background in the signal region is
rejected. The y2/n.d.f. of the p® vertex fit is constrained
within y2_/n.d.f. < 80. Selections on AM = M., — M,
can also be employed to reduce combinatorial back-
grounds. We require 0.755 GeV/c? < Myyrr — M, <
0.795 GeV/c*> and 0.745 GeV/c? < M,ppy — M,, <
0.805 GeV/c?. After the AM selection is applied, about
0.73% (for dimuon channel) and 0.43% (for dielectron
channel) of the true signal is removed, while about 80.8%
(for dimuon channel) and 75.2% (for dielectron channel) of
the combinatorial background in the signal region is
rejected. The value of y?/n.d.f. of the X(3872) vertex fit
is required to be within y2,__/n.d.f. < 100.

A high-energy photon produces an electromagnetic
shower in the ECL, and it is detected as an isolated energy
cluster which is not associate with charged particles. The
energy of the photon candidate coming from the B° is
required to be larger than 0.6 GeV in the center-of-mass
(CM) frame. We also reject the photon candidate if the ratio
of the energies deposited in arrays of 3 x3 and 5 x5
calorimeter cells (Eq/E,s) is less than 0.87. To reduce
background from the decay 7z° — yy, a 7° veto is applied
with £,0 < 0.3, where £, is a 79 likelihood [16]. The B
meson candidate is then reconstructed by combining the
X(3872) candidate and the high-energy photon candidate.
B meson candidates are identified with kinematic variables
calculated in the CM frame (and denoted with an
asterisk *). The energy difference is calculated as AE =
Efecon — Epeam» Where Ef and E7  are the reconstructed
B meson energy and beam energy. We use a modified
beam-energy-constrained mass My, defined as

. <E>_ <P_ P
C C2 c |P;|C2

(E;eam_E§)>2’ (1)
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where Py and EY are the reconstructed momentum and
energy of the X(3872) candidate, and 15; is the recon-
structed momentum of the photon candidate. The use of
this modified definition reduces the linear correlation
between the My, and AE from 0.400 (0.332) to —0.013
(0.114) for the dimuon (dielectron) channel, as estimated
with MC signal events. This also improves My, resolution.
The selection region is defined by M. > 5.2 GeV/c? and
—0.5 GeV < AE < 0.2 GeV. The signal region is defined
by M,.>5.27GeV/c* and —0.15 GeV < AE < 0.1 GeV.
There are two main types of background events: the
generic BB spherical events and the jetlike g continuum
events. The dominant background in the selection region is
from the B — J/wX inclusive decays. Other types of BB
and continuum backgrounds also contribute. Since the
signal and background shapes are different, we use a
multivariate analyzer based on the neural network package
named NEUROBAYES [17] to distinguish the signal and
background. We train the neural network using the signal
MC and B — J/wX MC samples, with the following 33
input variables: (1) 25 modified Fox-Wolfram moments
treating the information of particles involved in the signal B
candidate separately from those in the rest of the event [18],
(2) the cosine of the angle between the B candidate and the
beam axis, (3) the angle between the thrust axis of the
decay particles of the B candidate and that of the remaining
particles in the event, (4) the event sphericity [19], (5) the
missing mass, momentum and energy in the event, (6) the
sum of the transverse energy of the event, and (7) the flavor
tagging information [20]. Variables (1)—(6) are calculated in
the Y (4S) rest frame. NEUROBAYES returns an output in the
range —1 to +1, where values closer to +1 are signallike
and values closer to —1 are backgroundlike. The applied
selection on the NEUROBAYES output is determined by
optimizing a figure of merit (FOM) defined as

efficiency
0.5n + \/kag ’

where Ny, is the number of background events and
efficiency is obtained from the signal MC. In this equation,
n is the number of standard deviations corresponding to
one-sided Gaussian tests, and n = 1.28 corresponds to
90% confidence level [21]. The optimized selection and its
related systematic uncertainty are channel dependent.

If multiple candidates are found in an event after back-
ground suppression, we select the candidate which has the
smallest |AM — 775 MeV/c?|. Before applying the selec-
tion, the multiplicity per event is 1.080 for the dimuon
channel and 1.116 for the dielectron channel in signal MC
samples. After the selection is applied, about 1.8% (for the
dimuon channel) and 2.0% (for the dielectron channel) of
the true signal is removed, and about 43.1% (for the
dimuon channel) and 47.0% (for the dielectron channel)
of the combinatorial background in the signal region is

FOM = 2)

rejected. With all of the selections applied, the dimuon

signal MC sample comprises 92% correctly-reconstructed

signal B events (“true” signal) and 8% self-crossfeed (SCF)

events (not correctly reconstructed ones), and the dielectron

sample comprises 89% true signal and 11% SCF events.
The branching fraction is calculated as

B = A (3)
exXnxXNpp
where Ng,, Ngp, € and n are the number of signal, the
number of BB pairs (= 772 x 10°), the signal recon-
struction efficiency, and an efficiency calibration factor,
respectively. We assume that the charged and neutral BB
pairs are equally produced at the Y (45).

The calibration factor # = #xg X #zD X 14D X Np0yeto X
Myox 18 @ correction factor to the Monte Carlo that has been
determined using real data and following methods: g
concerns the background suppression using NEUROBAYES
and is obtained using the B® — J/y(— £7¢7)K} control
sample with treating K% as y. We also check using another
control sample B — w(25)(— J/wn"n~)KY, which as a
topology more similar to the signal, to verify the result. The
two methods are in good agreement. 7,p concerns the
charged pion identification with the requirement on £, and
is determined using a D** — D°(— K=z")z" control
sample, 7n.p concerns the lepton identification with the
requirement on £, or L,, and is determined by using a
ete” = ete T¢ control sample with e e™ undetected,
and 77,0,, concerns the 7 veto with the requirement on
L0, and is determined using a B - D~ (= Kz~ z7)n™"
control sample. 7., concerns the fraction of the signal
yield in the signal region to that in the selection region after
all selection is applied, and is determined by using a B® —
K%zt 77y control sample. The values of the calibration
factors and the reconstructed efficiency for the signal with
all the selection criteria applied are listed in Table I.

Sources of various systematic uncertainties on the
branching fraction calculation are shown in Table II. The
uncertainty due to the total number of BB pairs is 1.4%.
The uncertainty due to the charged-track reconstruction
efficiency is estimated to be 0.35% per track by using

TABLE I. Calibration factors (1) and reconstructed efficiency
(e) for the signal with all the selection criteria applied.

Channel Dimuon Dielectron
1INB 0.98 +0.02 0.99 +0.03
121D 0.99 +0.01 0.99 +0.01
11D 0.96 £+ 0.02 0.98 £0.02
Ndveto 0.98 +0.01 0.98 £0.01
Mbox 0.95 +0.03 0.95 +0.03
n 0.86 4+ 0.06 0.89 £+ 0.06
€ (16.8 +£0.01)% (145+0.01)%
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TABLE II. Summary of systematic uncertainties on the mea-
sured branching fraction.

Source Dimuon Dielectron
Ngg 1.4% 1.4%
Tracking (4 tracks) 1.4% 1.4%
B(J/y - ¢t¢7) 0.6% 0.5%

y detection 3.1% 3.1%
MC gen. model 1.1% 1.9%
7* identification 1.3% 1.3%
¢* identification 2.1% 1.8%
Bkg. suppression 2.3% 2.5%
7° veto 0.8% 0.8%
Signal region fraction 3.5% 3.5%
Total 6.2% 6.4%

partially reconstructed D** — D%(z 2~ K$)x" decay sam-
ples. The uncertainty due to the subdecay J/y — £1¢~
branching fraction is based on the world average value [4].
The uncertainty due to the photon detection efficiency in
the barrel region (33° < 6, < 128°, where 6, is the polar
angle of the photon) is studied using a radiative Bhabha
sample, and B® — K*Oy elsewhere [22]. The uncertainty
due to the X(3872) — J/yp° generation model is studied
by comparing the signal MC samples generated with
helicity distributions cos 6 (which is taken for the central
value of efficiency), sin? 6, and 1 + cos” 6.

The expected number of background events Ny, in the
signal region is estimated as

NykgMc (@)

9’

kag = Nsb,data N
sb,MC

where N, gaa and N, e are the number of data events and
the background MC events in the sideband region (selec-
tion region with signal region excluded), respectively.
Npkemc is the number of background MC events in the
signal region. The ratio of B — J/wX and other back-
grounds are fixed to MC expectation. The expected number
of background events in the signal regions are Ny, = 9.3
and 12.1 for the dimuon and dielectron channels, respec-
tively. The observed number of events in the signal region
are N, = 9 for both dimuon and dielectron channels, and
the data scatter plots with the signal regions shown as
rectangle are shown in Fig. 2. The projections of the data
and the estimated background are displayed in Fig. 3.
As we find no evidence for the decay B — X(3872)y, we
give an upper limit on the branching fraction at 90% con-
fidence level (C.L.). We apply the Feldman-Cousins count-
ing method [23] using the implementation provided in the
TROLKE package [24], which takes into account separately
the uncertainties in the background and the efficiency. The
expected number of background events Ny, in the signal
region is estimated using the sideband data and the ratio of

5.29F" H 5.29F T T e
5.28F" E Y DRI
5.27 3 serp. i . 3
— 5.26 4 o 5.26F E
R . 1%
S 525 9 Ss25 E
[} [0
O, 524 4 O 524f; E
3 q o8 F
S 523 1 = 528k E

Lo 4 522
= 521

520,01 NN N T 5.2k i T
0.1 02 -0.

AE [GeV]

AE [GeV]

FIG. 2. Two dimensional (M., AE) distributions of the
selected B — X(3872)y candidates in the dielectron (left) and
dimuon (right) channels. The signal regions are shown as
rectangles.

number of events in the signal region and in the sideband
region in the background MC. The uncertainties in the
background levels are studied by comparing the sideband
data and the sideband background MC, and are 10.9% and
17.3% for the dimuon and the dielectron channels, respec-
tively. We thus determine the upper limit on the product of
the branching fractions B(B° — X(3872)y)x B(X(3872) —
J/wntn") tobe 5.1 x 1077 at the 90% C.L. The results are
summarized in Table III.
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(a) Dimuon channel.
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FIG. 3. M, (left) and AE (right) distributions of the selected
B® — X(3872)y candidates (data points with error bars), with the
estimated background represented as stacked histograms. The
components are, from bottom to top: the gg continuum back-
ground (purple), the BB background without J/y (blue), and the
inclusive B — J/wX background (green). The signal distribution
(hatched brown with thick boundary) is shown corresponding to
90% C.L. upper limit.
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TABLE III. Summary of results from the counting method.
Channel Dimuon Dielectron Total
Observed N 9 9 18
Expected Ny, 9.3 12.1 21.4
90% U.L. 9.2x 1077 6.8 x 1077 5.1x 1077

In conclusion, we have performed a search for the decay
B® — X(3872)y based on a data sample of 711 fb~! ete~
collisions collected by Belle. No significant signal is found.
We set an upper limit on the product of the branching
fractions B(B® — X(3872)y) x B(X(3872) = J/yxn*n")
of 5.1 x 1077 at the 90% confidence level.
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