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We present a search for the decay X(3872) — z+7x~z° in the (772 £ 11) x 10% Y(4S) — BB data
sample collected at the Belle detector, where the X(3872) is produced in B* — K*X(3872) and B® —
K9X(3872) decays. We do not observe a signal, and set 90% credible upper limits for two different models

of the decay processes:

if the decay products

are distributed uniformly in phase space,

B(X(3872) » 22~ 2% < 1.3%, and if M(z"n~) is concentrated near the mass of the D°D° pair in
the process X(3872) — D°D*® + c.c. » D°D°z° — nt7~7°, B(X(3872) —» 2tz %) < 1.2 x 1073,
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I. INTRODUCTION

The state X (3872), also known as the y,. (3872), was first
observed in 2003 by the Belle Collaboration [1] in the
process B — KX (3872), X(3872) — n"z~J/y. The nature
of this state remains controversial. For example, the mass of
the X (3872) is very close to the D°D*? threshold [2], which
suggests it could be a D°D* molecule [3], but the large
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production rate in p p and p p collision experiments suggests
it should have a charmonium core [4-7].

Since its discovery, there have been many experimental
measurements of the properties of the X(3872) state,
including the mass, width, and quantum numbers [8,9].
The recent BABAR measurement of the absolute branching
fraction of B — KX(3872) [10] makes it possible to
obtain the absolute branching fractions of X(3872) decays.
According to a global fit to the branching fraction data [11],
the dominant X(3872) — D°D*? +c.c. decays account
for 52777% of the decay width and 32733% remains
unmeasured.

Study of additional X(3872) decay modes could help
us understand the components within the X(3872) wave

Published by the American Physical Society
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function. All known X(3872) decays contain open charm
or charmonium mesons in the final state, so searches for
decays to final states without heavy flavor are of great
interest. Models in which the X(3872) is a charmonium
state predict a significant branching fraction for X(3872) —
gg — light hadrons. The authors of Ref. [12] predict that the
branching fraction of X(3872) — ztz~z° could be at the
level 1073 ~ 10~ due to the process X (3872) — D°D*0 —
D°DO7° — 7zt 7= 2" [13], where the two charged pions
come from the rescattering and annihilation of the D°D°
pair. In this case the main contribution comes from the
production of the z*z~ pair in a narrow interval of invariant
mass M(ztz~) near the mass of the DD pair.

In this paper, we report the results of a search for
X(3872) — atn~ 7% based on (772 £ 11) x 10° BB events
collected with the Belle detector, where the X(3872) is
produced in BT — K*X(3872) and B° — K%X(3872)
decays.

II. BELLE DETECTOR AND DATA SAMPLES

This measurement is based on the full Y'(45) data sample
collected with the Belle detector at the KEKB asymmetric-
energy et e collider [14]. The Belle detector [15] 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, a
barrel-like arrangement of time-of-flight scintillation coun-
ters, and an electromagnetic calorimeter consisting of CsI
(T1) crystals. All these detector components are located
inside a superconducting solenoid coil that providesa 1.5 T
magnetic field. An iron flux-return located outside of the coil
is instrumented with resistive plate chambers to detect K9
mesons and to identify muons. Two inner detector configu-
rations were used: a 2.0 cm beam pipe and a 3-layer SVD
(SVD1) were used for the first sample of 152 x 10° BB
pairs, while a 1.5 cm beam pipe, a 4-layer SVD (SVD2), and
small cells in the inner layers of the CDC were used to record
the remaining 620 x 10% BB pairs [16].

The EVTGEN [17] generator is used to produce simulated
Monte Carlo (MC) events. The parameters of the X(3872)
state in the MC production are taken from Ref. [2]. The
simulation of the detector as well as the response of the
particles in the detector are handled with GEANT3 [18]. Two
kinds of signal MC events are generated to model the
X(3872) — n"n~x° decay. In the first sample (“case I”),
X (3872) decays to three pions are distributed uniformly in
phase space. In the second sample (“case II”), the ztz~
invariant mass peaks close to the D°D° threshold [12].
This is implemented in the simulation using an intermedi-
ate, dummy, Breit-Wigner resonance with a mass of
3729.8 MeV/c? and a width of 0.2 MeV, which are
estimated from the prediction. Backgrounds are studied
using generic MC samples: ete™ — qg, g =u, d, s, ¢
continuum events, and ete™ — Y(4S) — BB events with

subsequent b — ¢ decays, corresponding to twice the
integrated luminosity of Belle, and events with B meson
decays to charmless final states, corresponding to 25 times
the integrated luminosity. A tool named TOPOANA [19] is
used to display the MC event types after event selection.

III. EVENT SELECTION

Charged particle tracks are required to have impact
parameters perpendicular to and along the beam direction
with respect to the interaction point (IP) of less than
1.0 and 3.5 cm, respectively. Tracks are also required to
have at least two hits in the SVD. Kaons and pions
are distinguished using likelihoods based on the res-
ponse of the individual subdetectors [20]. Particles with

K

R(K) = 2477
ciency of 80.0% and a misidentification rate of 7.2%, are
identified as kaons, where L is the likelihood for the
particle to be a kaon or pion. Particles with R(K) < 0.4,
corresponding to a selection efficiency of 83.9% and a
misidentification rate of 9.7%, are identified as pions.
For pion candidates, similar likelihood ratios for electron
[21] and muon [22] hypotheses are required to be less than
0.1 to further suppress lepton-to-pion misidentification
backgrounds.

K (s) candidates are reconstructed by combining two pions
of opposite charge, consistent with emerging from a
displaced vertex. Combinatorial background is suppressed
using a neural network [23,24] utilizing 13 input variables:
the Kg momentum in the laboratory frame, the distance
along the z axis (opposite the e beam direction) between
the two track helices at their closest approach, the K flight
length in the transverse plane, the angle between the K?
momentum and the vector joining the IP to the K% decay
vertex, the angle between the pion momentum and the
laboratory frame direction in the K§ rest frame, the
distances of closest approach in the transverse plane
between the IP and the two pion helices, the number of
hits in the CDC for each pion track, and the presence or
absence of hits in the SVD for each pion track. The
invariant mass of the two pions is required to satisfy
|M(z*2~) = myo| < 0.01 GeV/c?, where my is the K
mass [2]. This mass region corresponds to £3¢ in the mass
resolution. Neutral pion candidates are reconstructed from
photons with deposited energy greater than 50 MeV in the
barrel region of the electromagnetic calorimeter (polar angle
within the interval [33°,128°]), or greater than 100 MeV in
the end caps. The invariant mass of the z° candidate is
required to be within the interval [0.115,0.155] GeV/c?,
corresponding to an approximately +3¢ window around the
nominal mass. A mass constrained fit is then performed.

Reconstructed particles are then combined into a BT —
K*nta=n" or B® —» K9zt~ 2" candidate, and fitted to a
common vertex, which is also constrained to lie in the

> 0.6, corresponding to a selection effi-
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FIG. 1. Distributions of the MVA discriminator output for
(a) the charged mode in case I, (b) the neutral mode in case I,
(c) the charged mode in case II, and (d) the neutral mode in case
II. Dots with error bars show the experimental data, blue shaded
histogram the normalized generic BB MC sample, green shaded
histogram the normalized generic continuum MC sample, and red
shaded histogram the normalized signal MC sample. Vertical
dashed lines represent the requirements applied in the analyses.

region around the IP. Candidates passing the vertex fit are
retained. To improve the resolution in M(z"z~z°), we
constrain the Kz z~z" invariant mass to the nominal mass
of the B meson; the resulting 7+ 7~ z° invariant mass is then
used in further analysis. For other variables, we use the
values obtained before the B mass constraint.

The X(3872) signal region is defined as M (z* 7z~ 7°) €
[3.8,3.95] GeV/c? and My, > 5.27 GeV/c?, where My, .=

VEz.m/c*—|psl?/c? is the beam constrained mass; Epeun
is the beam energy, and pp is the momentum of the
reconstructed B meson in the e e~ center-of-mass frame.
Separate searches are conducted for X(3872) — n*z~n°
decays according to phase space (the case I sample)
and for decays according to Ref. [12] (the case II sample).
Up to this point, all selection criteria are common. In
the case II analysis, an extra requirement M(z"z~) €
[3.7,3.75] GeV/c? is imposed.

The largest background arises from continuum produc-
tion. We use multivariate analysis (MVA) implemented in
ROOT [25] to suppress the continuum background with the
following variables: modified Fox-Wolfram moments [26],
the angle between the thrust axis of the B meson candidate
and that of the remaining particles in the event, the angle
between the thrust axis of all tracks and the thrust axis of all
photons in the event, the vertex fit quality, including both
the vertex fit and the constraint to the IP, the B meson
production angle, the K meson helicity angle, and the
invariant mass of the 7° meson before the mass constrained
fit. The training and optimization of the MVA are per-
formed with signal and continuum MC samples. We choose

TABLE 1. Requirements applied to the charged and neutral
B — KX(3872) decay modes in the two analyses.

Case 1 Case 11

Bt B Bt B units

MVA > 032 026 0.0 00

|AE| < 0.040 0.045 0.045 0.035 GeV
IM(K*7F) —=mp| > 003 -~ 004 GeV/c2
IM(K*2F2%) —mp| > 095 .- 055 GeV/c?
\M(K37t/%) = mpen| > 0.020 0.030 GeV/c?
IM(Knt7n%) —mp:| > 050 .-+ 010 GeV/c?
M(Kr) > 10 10 10 10 GeV/e?

the boosted decision tree as our training method in the
MVA. Distributions of the MVA output are shown in Fig. 1.
We use the figure of merit Ng//Ng + N to optimize the
MVA selection, where Ny is the number of background
events from the generic MC, and Ny is the expected number
of signal events estimated according to the predicted
branching fraction 1.0 x 1073, Both Ng and Ny are counted
in the signal region defined separately in the two different
cases. For case I, an MVA output greater than 0.32 and 0.26
is required for the charged and neutral mode, respectively.
For case II, an MVA output greater than 0.0 is required for
both charged and neutral modes. These requirements reject
nearly 99% of the continuum background.

After continuum suppression, a requirement on the
energy difference AE = E\,,, — E is applied to suppress
the background from B meson decays where the wrong
combination of particles has been chosen. Here Ej is the
energy of the reconstructed B meson. To suppress B meson
decays to the same final state as the signal process, for
example, B — Dp, B — K*(892)p, mass window require-
ments on M(K*zF) and M(K*zFz°) are imposed. These
requirements are optimized using a similar figure of merit.
The selection criteria are summarized in Table I. An
extremely large mass window on M(K*z¥z°) is imposed
to veto not only D° but also D** and other resonances. If
there are multiple candidates in one event, the candidate
with the highest MVA performance is chosen.

IV. DATA ANALYSIS

After the event selection described above, we find that
there is a remaining background, peaking in M., from rare
charmless B meson decays such as B — K*p. If the MC
description of these decays were entirely correct, we would
expect the contribution of this background in data to be
1/25 = 0.04 times as large as that in the MC sample. We
extract the actual scale factor from data by studying the
events in the region M(z*z ") € [3.2,3.5] GeV/c?,
where no charmonium decays to three pions are expected.
Unbinned maximum likelihood fits are performed to the
M, distributions from the data and MC samples in this
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TABLE II. Peaking background yields in the rare charmless B
meson decay MC and data samples, and the resulting scale factor,
for the charged and neutral modes.

Bt - K*X(3872)

5082.5 £83.8
286.0 £45.2

(5.0540.82) x 1072

B® — K9X(3872)

2202.5 +£57.6
171.2 £28.3

(7.06 4 1.22) x 1072

MC sample
Data sample

Scale factor

region. The peaking background is described by two
Gaussians with a common mean, and other events are
described by an ARGUS [27] function. By comparing
yields from data and MC samples, the scale factors between
the data and rare charmless B meson decay MC samples are
extracted, as listed in Table II.

We use the B — KJ /y decay to validate our event selection
and signal extraction procedures. The My, and M (z* z~ )
distributions in the J/y signal region, M(z"n 7)€
[3.05,3.15]GeV/c? and My, >5.27GeV/c?, are shown in
Fig. 2. No correlation between My, and M(z* 7z~ z°) is
found. An unbinned two-dimensional simultaneous fit is
performed to the (M}, M(z "z~ ")) distributions for BT —
K*J/y and B® — K3J/y. Three components are used in
the fit, including J /y signal, combinatorial background, and
B — Kn*n~ 7" background peaking in My.. The signal is
described with a MC simulated histogram, smeared in M,
with a Gaussian representing the discrepancy between data
and MC simulation; the width of the Gaussian is allowed to
float. The signal MC simulated histogram is modeled using
kernel estimation [28]. Signal yields from the charged and
neutral modes are converted to branching fractions using the
formula:

Nows =2 x NppfB(B — KI/y)B(J/w —» z*z"x")e. (1)

where N, is the observed signal yield, N g3 = 772 x 10° is
the number of BB pairs, f = 0.514 or 0.486 is the fraction of
charged or neutral BB pairs, B(B — KJ /) is the branching
fraction of B*/® — K*/0J /yr [2], and € is the reconstruction
efficiency for each mode obtained from the signal MC study;
corrections to particle identification (PID) efficiencies, to
match those measured in data, are included. Thus we can
extract the branching fraction B(J/y — "z~ z") directly
from the simultaneous fit. Combinatorial backgrounds are
described with an ARGUS function in My, and a first-order-
polynomial function in M(z*z~z°). The B - Kn*n"n°
background is distributed smoothly in M(z"z"z"), but
peaks in My.. In the fit, the shape of the B — Kztz~z°
background is extracted from the rare charmless B meson
decay MC simulation. The scaling factors on the normali-
zation of this background for the B+ and B final states float
in the fit, subject to a Gaussian constraint with mean and
uncertainty taken from Table II. The results of the simulta-
neous fit are shown in Fig. 2. The fitted branching fraction,
B(J/y — at7n~2°%) = (2.10 £ 0.06)%, is consistent with
the world average value [2].

The M, and M(z"z~2°) distributions in the X(3872)
signal region are shown in Fig. 3 for experimental data in
the case I analysis. We follow the same fitting procedure
used for B — KJ/w. The parameters of the Gaussian
function used to smear the MC signal shape in My, are
fixed to the results from the J/y fit. No significant signal
is found. The fitted branching fraction B(X(3872) —
atrn %) = (2.6 £2.8) x 107, corresponding to (20.34+
22.0) B* — K*X(3872) and (4.2 + 4.6) B® - K°X(3872)
events. An upper limit for the branching fraction with the
systematic uncertainty is estimated using the following
method. By varying the branching fraction of X(3872) —
ata~7° in the fit, the branching fraction dependent re-
lative likelihood distribution is obtained. This likelihood

14 m120
12 2100
80
60
40
20 101

Events/ (6 Me

Hadu

50
40
30
20
10 {

Events/ (6 MeV/c?)

O=MNWLrOIONDON O ©

)

O

Yo R .l' = = = TRy

29 3 31 32
M(rtn0) (GeV/c?)

054 505 526 527 528 529 29 3 31 32 33
M, (GeV/cd)

M(rrn®) (GeV/c?)

FIG. 2. Events in the signal region for (top) BT — K*J/y and (bottom) B® — K%J/w. Left plots show the (M(z*z~z°), M)
distribution, center plots show the projection on M, and right plots show the projection on M (z*z~z°). In the center and right plots,
dots with error bars show the experimental data, red curves the fit results, blue dashed curves the combinatorial background, and green
dotted curves show the sum of the combinatorial and B — K+~ z° backgrounds.
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FIG. 3. Events in the signal region for (top) B — K*X(3872) and (bottom) B® — K$X(3872) in the case I analysis. Left plots show
the (M (z* 2~ 2°), M,,) distribution, center plots show the projection on My, and right plots show the projection on M (z*z~z°). In the
center and right plots, dots with error bars show the experimental data, red curves the fit results, blue dashed curves the combinatorial
background, and green dotted curves show the sum of the combinatorial and B — Kz 7z~ 7" backgrounds.

distribution is then convolved with a Gaussian function
which models the systematic uncertainty. The upper
limit is determined by the value for which the integral of
this new PDF is 90% of its total area. Estimation of
systematic uncertainties is discussed in Sec. V. The
uncertainty of B(B — KX(3872)) is quoted from the
global fit [11]. The 90% credible upper limit is
B(X(3872) = 22~ 2% < 1.3%.

Because of the large systematic uncertainty introduced
by the branching fraction of B — KX(3872), we also fit the
(Mye, M(n "z~ 2°)) distributions of the charged and neutral
modes separately to obtain the product of the branching
fractions B(B — KX(3872))B(X(3872) — ntzx~z"). The
fit procedure is otherwise the same as that for the simulta-
neous fit. The signal yields for the charged and neutral
modes are 254 +24.0 and —6.2 4+ 10.6, respectively,
with corresponding 90% credible upper limits N, of 61

Ny
products of branching fractions are calculated to be
B(B* — K*X(3872))B(X(3872) » ntn~2°) <1.9x 107°

and 19. Using the formula the upper limits on the
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FIG. 4. M(x"z~) distributions in the X(3872) signal region in
the case II analysis. Dots with error bars show the experimental
data from the charged (left) and neutral (right) channel. The red
shaded histogram shows the signal MC, normalized assuming
B(X(3872) - n*z~2%) = 1 x 1073, The blue solid line shows
the MC background samples, normalized to the same integrated
luminosity as the experimental data.

and B(B° — K9X(3872))B(X(3872) — ntn ") <
1.5 x 107,

For the case II analysis, the M(z*z~) distributions for
the charged and neutral modes are shown in Fig. 4, for
events in the X(3872) signal region in data. No significant
enhancement near the D°D° threshold is found. After the
case II selection criteria, the My, and M (7" z~z°) distri-
butions for the charged and neutral modes are shown in
Fig. 5. The fit is similar to that used in case I, except
that we use a reversed exponential function (1 —1/
ePO(M(f”f”O)‘mmres)) to describe the combinatorial back-
ground shape in M(z*z~7°), where mys =3.70+
m(n°) GeV/c?. No significant signal is found in this
scenario, either. The scale factors for peaking background
are fitted to be 0.058 £ 0.008 and 0.138 £ 0.043 for the
charged and neutral mode, respectively. The fitted branch-
ing fraction is B(X(3872) —» ztn~2%) = (0.9 £3.1)x
1074, corresponding to (1.5 +5.4) B* — K*X(3872)
and (0.3 £ 1.0) B® — K°X(3872) events. The 90% credi-
ble upper limit, established using the same method as in
case I, is B(X(3872) —» ntn~2") < 1.2 x 1073, Separate
fits to the charged and neutral modes find signal yields of
0.7 £5.5 and 5.3 £ 5.6, respectively, with corresponding
90% credible upper limits N, of 11.2 and 14.8. The upper
limits on the products of branching fractions are calculated
to be B(B* — K*X(3872))B(X(3872) = ntn~2%) < 1.5x
107 and B(B® — K9X(3872))B(X(3872) — ntn=x°) <
1.8 x 1077,

V. SYSTEMATIC UNCERTAINTY

Possible sources of systematic uncertainty include
tracking, PID, K% reconstruction, z° reconstruction, the
signal MC generation model, the MVA requirements,
signal yields, the number of BB events, and B —
KX(3872) branching fractions.
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center and right plots, dots with error bars show the experimental data, red curves the fit results, blue dashed curves the combinatorial
background, and green dotted curves show the sum of the combinatorial and B — Kz "z~ z° backgrounds.

The difference in tracking efficiency for momenta above
200 MeV/c between data and MC is (—0.13 +0.30 £+
0.10)% per track. We apply a reconstruction uncertainty
of 0.35% per track in our analysis. According to the updated
measurement of PID efficiency using the control sample
D* — D% and D° — K~ 7", we assign uncertainties of
1.1% for each kaon and 0.9% for each pion. For K g selection,
we take 2.2% as the systematic uncertainty following
Ref. [29]. For z° selection, the uncertainty is 2.3% according
to a study of the 7 — zz°v, control sample [30].

In the case II analysis, the angular distribution of the
decay of the pseudointermediate state may also affect the
reconstruction efficiency. MC samples with the helicity
angle of the intermediate state following 1+ acosé,
a=—1, 0, 1 have been generated. The reconstruction
efficiencies for these samples are consistent with each other
within the statistical uncertainty. Thus no contribution to
the systematic uncertainty is added from this source. The
width of the intermediate state used in our generator may
also affect the reconstruction efficiency. We broaden the
line shape from a width of 0.2 to 1.0 MeV, and find a
difference in the reconstruction efficiency of only 0.7%.

We test our selection criteria listed in Table I with the
control sample B — KJ/y, and the extracted branching
fraction of J/w — ntz~ 2" is consistent with the world
average value [2] within the statistical uncertainty of the fit.
We assign this uncertainty as the systematic uncertainty due
to the selection criteria.

The systematic uncertainties on the signal yields are due to
the signal and background descriptions. For the signal part,
the discrepancy between data and MC simulation is repre-
sented with a Gaussian function obtained from the validation
sample. By varying the width of the convolution Gaussian by
410, the upper limits on the signal yields do not change.
Thus no systematic uncertainty is assigned. For the back-
ground, we vary the combinatorial background shape

descriptions as well as the fit range, and choose the largest
upper limit estimation as the most conservative result.

The systematic uncertainty on the number of total BB
events is taken as 1.4%, and the systematic uncertainty on
the fraction of charged and neutral BB is taken as 1.2% [2].
The systematic uncertainty on the B — KX(3872) branch-
ing fractions are taken as 31.6% and *324 % [11] for the
charged mode and neutral modes, respectively.

We summarize the systematic uncertainties in Table III.
The total systematic uncertainty for the joint branching
fraction from the charged or neutral mode is obtained by
adding the individual components in quadrature. The total
systematic uncertainty of the X(3872) — z*z~z° branch-
ing fraction measurement is calculated with the following
formula:

Vi (Bieio,)* +2cov(1,2)

o =

(2)

Z%:l Bie; ’

TABLE III. Systematic uncertainties on the B(X(3872) —
71'+7l'_71'0) measurement (in units of %).
Source Bt — KTX(3872)  B® — K}X(3872)
Tracking 1.1 0.7
PID 2.9 1.8
KY selection 0.0 2.2
7° selection 2.3 2.3
Signal MC model 0.7 0.7
B(B — KX(3872)) 31.6 j;‘g:;‘

45.6
Total 31.8 J_f36A6
Number of BB 1.4
BB~ Fraction 1.2
Selection criteria 5.0
Weighted total +357

—34.1
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TABLE IV. Summary of the measured branching fractions.

Channel Case 1 Case 11

B* — K*X(3872),X(3872) = ntn~x° <19 x 1076 <1.5x 1077
B® — K°X(3872),X(3872) = ntnn° <1.5x10°¢ <1.8 x 1077
X(3872) = nta2® <1.3% <12x1073

where the branching ratio is taken from Ref. [2]; ¢; is the
reconstruction efficiency and o; is the systematic uncer-
tainty for each mode, which is obtained by adding each
components in quadrature; cov(1,2) = H%:,B,»e,-a:» is the
covariance systematic uncertainty between the two modes,
in which ¢ is the common systematic uncertainty.

VI. SUMMARY

We have carried out a search for the decay X(3872) —
atn~ 2% in the (772 + 11) x 10° Y(4S) — BB data sample
collected at the Belle detector, in B — KX(3872) events.
No signal is seen. We set 90% credible upper limits on the
branching fraction in two different models of the decay: if
the decay products are distributed uniformly in phase
space, B(X(3872) —» ntn~2°) < 1.3%; if M(z*z") is
concentrated near the mass of the D°D® pair in the
process X(3872) = D°D*? + c.c. » D°D°z° - ntx= 70,
B(X(3872) - ntn~2") < 1.2 x 1073, Upper limits on
the product branching fractions B(B — KX(3872))B(X —
at = n°) are also set for both charged and neutral B decays,
as listed in Table IV. This measurement may be used to
provide constraints on the triangle logarithmic singularity
of X(3872) —» D°D*® — DDOz".
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