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We present results from a study of Xð3872Þ ! ��J=c decays produced via exclusive B ! KXð3872Þ
decays. We determine the mass to be MXð3872Þ ¼ ð3871:85� 0:27ðstatÞ � 0:19ðsystÞÞ MeV, a 90% con-

fidence level upper limit on the natural width of �Xð3872Þ < 1:2 MeV, the product branching fraction

BðBþ!KþXð3872ÞÞ�BðXð3872Þ!�þ��J=c Þ¼ ð8:63�0:82ðstatÞ�0:52ðsystÞÞ�10�6, and a ratio

of branching fractions BðB0!K0Xð3872ÞÞ=BðBþ!KþXð3872ÞÞ¼0:50�0:14ðstatÞ�0:04ðsystÞ. The

difference in mass between the Xð3872Þ ! �þ��J=c signals in Bþ and B0 decays is �MXð3872Þ ¼
ð�0:71� 0:96ðstatÞ � 0:19ðsystÞÞ MeV. A search for a charged partner of the Xð3872Þ in the decays
�B0 ! K�Xþ or Bþ ! K0Xþ, Xþ ! �þ�0J=c resulted in upper limits on the product branching fractions

for these processes that are well below expectations for the case that the Xð3872Þ is the neutral member of an

isospin triplet. In addition, we examine possible JPC quantum number assignments for the Xð3872Þ based on
comparisons of angular correlations between final state particles in Xð3872Þ ! �þ��J=c decays with

simulated data for JPC values of 1þþ and 2�þ. We examine the influence of �-! interference in the

Mð�þ��Þ spectrum. The analysis is based on a 711 fb�1 data sample that contains 772� 106 B �B meson

pairs collected at the �ð4SÞ resonance in the Belle detector at the KEKB eþe� collider.

DOI: 10.1103/PhysRevD.84.052004 PACS numbers: 14.40.Pq, 12.39.Mk, 13.20.He

I. INTRODUCTION

The Xð3872Þ was first observed by Belle as a narrow
peak in the �þ��J=c -invariant mass distribution in
exclusive Bþ ! Kþ�þ��J=c decays [1,2]. It was sub-
sequently seen in

ffiffiffi
s

p ¼ 1:96 TeV p �p annihilations by
CDF [3] and D0 [4] and its production in B decays was
confirmed by BABAR [5]. A recent summary of the mea-
sured properties of the Xð3872Þ is provided in Tables 10
through 13 of Ref. [6].

The close proximity of the PDGworld averageofXð3872Þ
mass measurements,Mavg¼3871:56�0:22MeV [7], to the

mD0 þm �D�0 mass threshold (3871:8� 0:3 MeV [7]) has
engendered speculation that the Xð3872Þmight be a loosely

bound D0- �D�0 molecular state [8]. Theoretical studies of

deuteronlikeD0 �D�0 interactions were reported by Törnqvist
in 1994, and he predicted bound states for JPC values of 0�þ
and1þþ [9]. There has been considerable theoretical interest

in the Xð3872Þ line shape in its D0 �D�0 decay mode [10].

These discussions are constrained by the current uncertainty

in the natural width of the Xð3872Þ in the �þ��J=c decay

channel, which is �Xð3872Þ < 2:3 MeV (at the 90% confi-

dence level) [1]. A measurement of the natural width in this

mode, or an improvement in the upper limit on its value,

would be useful input to these line-shape studies.
A close correspondence of the �þ��-invariant mass

distribution to expectations for � ! �þ�� decays was
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reported by Belle [11] and CDF [12]. This, together with
the observation of the Xð3872Þ ! �J=c decay mode by
both Belle [13] and BABAR [14], establishes the charge
parity of the Xð3872Þ as C ¼ þ1. A comprehensive study
of possible JPC quantum numbers for the Xð3872Þ using a
large sample of Xð3872Þ ! �þ��J=c decays was per-
formed by CDF [15,16]; they concluded that only the 1þþ
and 2�þ hypotheses are consistent with data and other
assignments are ruled out at the 3� level or above. The
Xð3872Þ ! �J=c decay process would be an allowed E1
transition for a 1þþ assignment and a suppressed higher
multipole for 2�þ; the observation by BABAR and Belle of
this process favors 1þþ [17]. However, a recent BABAR
analysis of the Xð3872Þ ! �þ���0J=c decay mode
showed some preference for a 2�þ assignment [18].
Since bound molecular states are predicted for JPC ¼
1þþ but not for 2�þ, an unambiguous experimental deter-
mination of the spin-parity of the Xð3872Þ is an important
input to the understanding of this state.

Another proposed interpretation for the Xð3872Þ is that
it is a tightly bound diquark-diantiquark four-quark state
[19], in which case two neutral Xð3872Þ states—orthogonal
mixtures of cu �c �u and cd �c �d—are expected to exist
shifted in mass by 8� 3 MeV. The authors of Ref. [19]
suggested that these two different states might result in
different Xð3872Þ masses in the Bþ ! Kþ�þ��J=c and
B0!K0�þ��J=c decay chains. BABAR measured the
Xð3872Þ properties separately for these two channels and
found amass difference (�M ¼ 2:7� 1:6� 0:4 MeV) that
is consistent both with zero and the lower range of the
theoretical prediction [20]. CDF used a comparison of their
measured Xð3872Þ ! �þ��J=c line width with their ex-
perimental resolution to establish a 95% confidence level
(CL) upper limit of�M< 3:6 MeV, for equal production of
the two states [21]. These results are not definitive tests of the
prediction of Ref. [19]; the statistical significance of the
BABAR signal for B0 ! K0Xð3872Þ is marginal (9:4� 5:2
events) and the interpretation of the CDF limit depends upon
the unknown relative production strengths for the two differ-
ent states. Thus, a more precise comparison of the Xð3872Þ
produced in Bþ and B0 decays is needed.

In the diquark-diantiquark scheme, the Xð3872Þ is ex-
pected to be the I3 ¼ 0 member of an isospin triplet. Since
the dominant weak interaction process responsible for B !
KXð3872Þ decays is the isospin-conserving b ! c �cs tran-
sition, the charged I3 ¼ �1 partner states (that decay via
Xþ ! �þJ=c ) are expected to be produced in B decays at
a rate that is twice that for the neutral Xð3872Þ [22]. The
BABAR group studied the process B ! K�þ�0J=c and
placed upper limits on the product branching fractions for
Xþ ! �þ�0J=c that are below isospin expectations [23].

Here we report on a study of Xð3872Þ ! �þ��J=c
decays produced via the exclusive decay B ! KXð3872Þ.
We use a 711 fb�1 data sample that contains 772� 106 B �B
pairs collected in the Belle detector at the KEKB

energy-asymmetric eþe� collider [24]. The data were
accumulated at a center-of-mass system (CMS) energy offfiffiffi
s

p ¼ 10:58 GeV, at the peak of the �ð4SÞ resonance.
KEKB is described in detail in Ref. [25].

II. DETECTOR DESCRIPTION

The Belle detector is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer cylindrical drift chamber, an array of aerogel
threshold Cherenkov counters, a barrel-like arrangement
of time-of-flight scintillation counters, and an electromag-
netic calorimeter composed of CsI(Tl) crystals located in-
side a superconducting solenoid coil that provides a 1.5 T
magnetic field. An iron flux return located outside of the
coil is instrumented to detect KL mesons and to identify
muons. The detector is described in detail elsewhere [26].

III. B ! K�þ��J=c EVENT SELECTION

We select events that contain a J=c ! ‘þ‘� (‘þ‘� ¼
eþe� or �þ��), either a charged or neutral kaon, and
a �þ�� pair using criteria described in Refs [1,27].
The leptons from the J=c ! ‘þ‘� decay are required
to pass minimal lepton identification criteria and the in-
variant mass of the pair is required to be in the ranges
�21MeV�ðM�þ���mJ=c Þ�20MeV and �24MeV�
ðMeþe��mJ=c Þ�20MeV, where mJ=c ¼ 3096:92�
0:01 MeV is the world-average value for the J=c mass
[7]. For J=c ! eþe� candidates, photons within 50 mrad
of the eþ and/or e� tracks are included in the invariant
mass calculation. The number of events with multiple J=c
candidates is negligibly small. Candidate Kþ mesons are
charged tracks with a kaon identification likelihood that is
higher than that for a pion or a proton; neutral kaons are
detected in the KS ! �þ�� decay channel using the KS

selection criteria described in Ref. [28]. The charged pions
are required to have a pion likelihood greater than that of a
kaon or a proton. Some events have more than one accept-
able combination of hadron tracks. In these cases, which
include 3% of the events in the signal region, the tracks
with the best vertex fits are used. To reduce the level of
eþe� ! q �q (q ¼ u, d, s or c-quark) continuum events in
the sample, we also require R2 < 0:4, where R2 is the
normalized Fox-Wolfram moment [29].
Events that originate from B ! K�þ��J=c decays

are identified by the CMS energy difference �E �
Ecms
B � Ecms

beam and the beam-energy-constrained mass

Mbc�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEcms

beamÞ2�ðpcms
B Þ2

q
, where Ecms

beam is the CMS beam

energy, and Ecms
B and pcms

B are the CMS energy and mo-
mentum of theK�þ��J=c combination.We select events
with Mbc > 5:20 GeV and �0:15GeV<�E< 0:2 GeV.
We define signal regions as 5:272 GeV<Mbc <
5:286 GeV and �0:035 GeV � �E � 0:03 GeV; these
correspond to ’ �2:5�windows around the central values
for each variable.
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In addition to selecting B ! KXð3872Þ events, these
selection criteria isolate a rather pure sample of B!Kc 0,
c 0 ! �þ��J=c events [30]. These events are used as
a calibration reaction to determine the Mbc, �E and
Mð�þ��J=c Þ peak positions and resolution values,
and to validate the Monte Carlo-determined acceptance
calculations.

For each event we compute Mð�þ��J=c Þ from the
relation

Mð�þ��J=c Þ ¼ Mmeas
�þ��‘þ‘� �Mmeas

‘þ‘� þmJ=c ; (1)

whereMmeas
�þ��‘þ‘� andMmeas

‘þ‘� are the measured�þ��‘þ‘�

and ‘þ‘�-invariant masses, respectively. For studies
of the c 0 ! �þ��J=c control sample we use events in
the interval 3:635 GeV � Mð�þ��J=c Þ � 3:735 GeV;
for Xð3872Þ studies we use 3:77 GeV � Mð�þ��J=c Þ �
3:97 GeV. The Mð�þ��J=c Þ signal regions are
defined as jMð�þ��J=c Þ �Mpeakj � 0:009 GeV, where

Mpeak ¼ 3:686 GeV and 3.872GeV for the c 0 andXð3872Þ,
respectively. We select events with a dipion-invariant-
mass requirement of M�þ��>ðMð�þ��J=c Þ�ðmJ=cþ
150MeVÞÞ, which corresponds to M�þ�� > 625 MeV for
the Xð3872Þ and >439 MeV for the c 0 events. After this
requirement, which results in a 6% signal loss, the back-
ground under the Xð3872Þ ! �þ��J=c signal peak is
relatively flat and similar in shape to that under the c 0 !
�þ��J=c peak.

IV. MONTE CARLO RESULTS

We use Monte Carlo (MC) simulated events to deter-
mine acceptance and to evaluate possible differences in
mass biases for the c 0 and Xð3872Þ mass regions [31].
The c 0 MC simulation uses an input mass and width of:
mc 0 ¼ 3686:09 MeV and �c 0 ¼ 0:3 MeV [7]. The default

Xð3872Þ simulation assumes JPC ¼ 1þþ and a �þ��J=c
final state that is entirely B ! �J=c with the � and J=c in
a relative S-wave [32]. The Xð3872Þ mesons are generated
with a mass of Mgen

Xð3872Þ ¼ 3871:40 MeV and zero natural

width. The simulated events are processed through the
same reconstruction and selection codes that are used for
the real data.

We perform an unbinned three-dimensional likelihood
fit (Mbc vs. Mð�þ��J=c Þ vs. �E) to the selected data
using a single Gaussian function for the Mbc signal proba-
bility density function (PDF) and an ARGUS function [33]
as the PDF for the combinatorial background (i.e., back-
grounds where one or more of the tracks used to recon-
struct the B originates from the accompanying �B). For �E
we use a bifurcated Gaussian for the signal PDF and
a second-order polynomial for the �E combinatorial
background. For the Mð�þ��J=c Þ signal PDF we use a
Breit-Wigner function (BW) convolved with a resolution
function that is the sum of a core and tail Gaussian; for the
combinatorial background PDF we use a third-order poly-
nomial. For c 0 fits in both data and MC, we fix the BW
width at 0.3 MeV. For the Xð3872Þ MC fits, we fix the BW
width at zero.
In addition to combinatorial background, these criteria

select events of the type B ! KXJ=c , where KX designa-
tes strange meson systems that decay to K�þ�� final
states such as the K1ð1270Þ, K�

2ð1430Þ, etc. [34]. The Mbc

and �E distributions for these events are the same as those
of the Xð3872Þ signal, but they produce a slowly varying
Mð�þ��J=c Þ distribution in the c 0 and Xð3872Þ signal
regions. The Mbc and �E PDFs that are used to represent
this peaking background are the same as those used for the
signal and a linear form is used for itsMð�þ��J=c Þ PDF.
The results of fits to MC samples of Bþ ! Kþc 0, B0 !

KSc
0, Bþ ! KþXð3872Þ and B0 ! KSXð3872Þ are sum-

marized in Table I. In order to facilitate comparisons of the
resolution for different decay channels, the fractional area
of the tail Gaussian for all modes is fixed at the value
returned from the fit to the Kþc 0 MC sample (17.7%).
This restriction is found to induce negligible differences
from the shapes of the resolution functions that are indi-
vidually optimized for the other samples. While the core
resolution width is nearly the same for all channels, the tail
resolution widths for Xð3872Þ decays are significantly
higher than those for the c 0, but in both cases the tail
widths for the Kþ and KS modes are consistent with being
the same. The MC indicates that there are biases in the
Mð�þ��J=c Þ measurement that are smaller for the
Xð3872Þ modes than for the c 0 modes. These are due to a
bias in the measurement of the low momentum charged

TABLE I. Results from fits to the selected MC event samples. Here � ¼ Nsig=Ngen is the
detection efficiency, �core and �tail are the widths of the core and tail components of the mass
resolution and Mgen �Mfit are the MC mass measurement biases. All errors are statistical.

Channel � (percent) �core (MeV) �tail (MeV) Mgen �Mfit (MeV)

Kþc 0 17:8� 0:2 1:83� 0:02 5:66� 0:14 0:74� 0:02
KSc

0 14:1� 0:2 1:83� 0:03 6:10� 0:21 0:74� 0:03
Combined 1:84� 0:02 5:66� 0:13 0:72� 0:02
KþXð3872Þ 19:1� 0:2 1:93� 0:04 7:69� 0:17 0:60� 0:02
KSXð3872Þ 15:2� 0:2 1:89� 0:02 7:64� 0:21 0:64� 0:02
Combined 1:93� 0:02 7:70� 0:15 0:60� 0:02
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pions. The pions from Xð3872Þ decays have, on average,
higher momentum than those from c 0 decays and the
Xð3872Þ mass measurement bias is smaller. In both cases,
the mass measurement biases for the Kþ and KS modes are
consistent with being the same. The results of fits to the
combined Kþ and KS modes are also shown in Table I.
(The listed efficiencies do not include the c 0!�þ��J=c ,
J=c!‘þ‘� or KS!�þ�� branching fractions).

V. FITS TO THE c 0 ! �þ��J=c DATA SAMPLES

For fits to the c 0 data we fix the BW width at 0.3 MeV
and allow the core and tail widths of the Mð�þ��J=c Þ

resolution function to vary as free parameters. The results
of the fits to Bþ ! Kþc 0 (B0 ! KSc

0) are the smooth
curves in the upper (lower) panels of Fig. 1, where Mbc,
Mð�þ��J=c Þ, and �E distributions for events within the

signal regions of the other two quantities are shown. In
each panel, the combinatorial background is shown as a
(red) dotted line, the combinatorial plus peaking back-

ground is shown as a (green) dashed line and the total
background plus signal is shown as a (blue) solid line. The
fit results are summarized in Table II. They show a mass

bias, i.e., a difference between the fitted mass and the PDG
world-average value for mc 0 , that is larger than the MC
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FIG. 1 (color online). The Mbc (left), Mð�þ��J=c Þ (center) and �E (right) distributions for Bþ!Kþc 0 (top) and B0!KSc
0

(bottom) event candidates within the signal regions of the other two quantities. The curves show the results of the fits described in the text.
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mass bias, indicating that the MC simulation of the bias in
the pion momentum measurement is imperfect.

As a test of the validity of the MC acceptance calcula-
tions, we determine branching fractions for B ! Kþc 0
and KSc

0 via the relation

B ðB ! Kc 0Þ ¼ Nevts
K

NB �B�KfKBc 0!�þ��J=cBJ=c!‘‘

; (2)

where Nevts
K is the number of signal events for K ¼ Kþ and

K ¼ K0, NB �B ¼ ð772� 11Þ � 106 is the number of B �B
events in the data sample, Bc 0!�þ��J=c ¼ 0:336� 0:004

and BJ=c!‘‘¼0:119�0:001 (sum of the eþe� and

�þ�� modes) are PDG world-average branching frac-
tions [7], �K is the efficiency for the corresponding K
channel, fKþ ¼ 1 and fKS

¼ 0:346 [35]. The results

are: BðBþ!Kþc 0Þ¼ð6:51�0:12Þ�10�4 and BðB0!
K0c 0Þ¼ð5:22�0:19Þ�10�4, where only statistical errors
are shown. The Bþ branching fraction result agrees well
with the PDG world-average value of ð6:46� 0:33Þ �
10�4. The B0 result is somewhat lower than the PDG value
of ð6:2� 0:5Þ � 10�4 [7], however, the errors quoted on
the measurements reported here do not include systematic
uncertainties [36].

VI. Xð3872Þ ! �þ��J=c MASS, WIDTH AND
PRODUCT BRANCHING FRACTIONS

The upper panels in Fig. 2 show theMbc,Mð�þ��J=c Þ
and �E distributions for events within the signal regions of
the other two quantities for the Bþ ! KþXð3872Þ event
candidates together with the results of the fit. In these fits,
the peak mass and full width of the BW function that
represents the Mð�þ��J=c Þ signal are free parameters,
thewidth of the core Gaussian resolution function is fixed at
�core ¼ 2:39 MeV, and the width of the tail Gaussian is
fixed at �tail ¼ 11:5 MeV; these are the widths from
the c 0 data sample fit multiplied by the ratio of the
MC-determined Xð3872Þ and c 0 width values to account
for its Mð�þ��J=c Þ dependence. The value for �Xð3872Þ
returned from the fit is at its lowest allowed value of 0.1MeV
[37]. Other results from the fit are summarized in Table III.

The lower panels of Fig. 2 show theMbc,Mð�þ��J=c Þ
and �E distributions for events in the signal regions of the
other two quantities for the KS event sample, where an
Xð3872Þ ! �þ��J=c signal is evident. The results of a
fit that fixes the natural width at zero and the resolution

widths at the same values used for the fit to the KþXð3872Þ
channel but with the peak mass allowed to vary, are shown
as curves in the figure and summarized in Table III.
The statistical significance of the Xð3872Þ signal yield for
the KS event sample is 6:1�. This is determined from
�2 lnðL0=LmaxÞ, where Lmax is the maximum likelihood
and L0 is the likelihood for zero signal yield with the
change in the number of degrees of freedom taken into
account. The difference in mass for the Xð3872Þ state
produced in Bþ minus that from B0 decays (i.e., �M ¼
Mþ �M0) is

�MXð3872Þ ¼ ð�0:71�0:96ðstatÞ�0:19ðsystÞÞMeV: (3)

Although many sources of systematic error on the mass
measurement cancel in the this difference, assumptions on
the natural width used in the fit and possible differences in
momentum measurement biases between charged and neu-
tral kaons do not cancel. We estimate the error associated
with the natural width to be 0.14 MeV from the change in
�MXð3872Þ determined from a fit to theKS event sample that

uses a natural width fixed at 3 MeV. The difference of the
measured c 0 masses in the Bþ ! Kþc 0 and B0 ! KSc

0
channels is �Mc 0 ¼ð�0:07�0:13ÞMeV. We use the error

on �Mc 0 as an estimate of the systematic error associated

with possible different charged and neutral kaon measure-
ment biases.
This result strongly disfavors the prediction of

Ref. [19]. The BABAR measurement for this quantity is
ð2:7� 1:6� 0:4Þ MeV [20].

A. MXð3872Þ determination

Since the mass difference is consistent with zero and
the resolution functions for theKþXð3872Þ andK0Xð3872Þ
are consistent with being the same, we determine an
Xð3872Þ mass value from the single fit to the combined
samples. To account for the mass measurement bias, we
correct the fitted mass given in Table III by adding
a correction �M ¼ ð0:92� 0:06Þ MeV, which is the
MC-determined Xð3872Þ mass measurement bias scaled
by the ratio of the measured and MC-determined c 0 mass
biases. The validity of this procedure is tested with
MC event samples of narrow resonances with c 0 and
Xð3872Þ (JPC ¼ 1þþ) decay dynamics at different mass
values ranging from mc 0 to 3872 MeV. It is found for

both dynamics that the MC mass bias falls linearly with
increasing Mð�þ��J=c Þ with slopes (bMC) that are very

TABLE II. Results from fits to the c 0 event candidates. Here Nevts denotes the number of
signal events returned from the fit, �core and �tail are the mass resolution parameters, and
�MPDG ¼ MPDG �Mfit denotes the mass measurement biases. All errors are statistical.

Channel Nevts �core (MeV) �tail (MeV) �MPDG (MeV)

Kþc 0 3575� 64 2:25� 0:05 8:4� 0:5 1:12� 0:05
KSc

0 814� 30 2:45� 0:11 13:8� 1:6 1:05� 0:12
Combined 4367� 72 2:28� 0:04 8:7� 0:5 1:11� 0:05
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nearly equal: bMC
c ¼�0:96�0:04keV=MeV and bMC

Xð3872Þ¼
�0:97�0:04keV=MeV, indicating that using the c 0 mea-
surement performed at a mass that is 186 MeV below
MXð3872Þ to scale the mass shift near 3872 MeV is

reasonable.

The offset between the MC-determined c 0-like and

Xð3872Þ-like mass biases is ð0:053� 0:005Þ MeV. We

use this offset, scaled by the c 0 data-MC mass bias ratio,

as the systematic error associated with the decay model.
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FIG. 2 (color online). The Mbc (left), Mð�þ��J=c Þ (center), and �E (right) distributions for Bþ ! KþXð3872Þ (top) and B0 !
KSXð3872Þ (bottom) event candidates within the signal regions of the other two quantities. The curves show the results of the fit
described in the text.

TABLE III. Results from fits to the Xð3872Þ event candi-
dates. Here Nevts are the numbers of signal events returned
from the fit and Mfit is the fitted mass value. All errors are
statistical.

Channel Nevts Mfit (MeV)

KþXð3872Þ 152� 15 3870:85� 0:28
K0Xð3872Þ 21:0� 5:7 3871:56� 0:92
Combined 173� 16 3870:93� 0:27

BOUNDS ON THE WIDTH, MASS DIFFERENCE AND . . . PHYSICAL REVIEW D 84, 052004 (2011)

052004-7



The systematic error associated with the MC modeling

of the low energy pion momentum measurements is

determined by comparing results from different versions

of the MC simulation to be 0.15 MeV.
The result is

MXð3872Þ ¼ ð3871:85�0:27ðstatÞ�0:19ðsystÞÞMeV; (4)

where the systematic error is dominated by the error on the
mass bias correction (0.16 MeV) and uncertainties in the
decay dynamics used to generate the MC samples used to
study the mass bias (0.09 MeV). It also includes the un-
certainties in the J=c and c 0 masses and the choice of
parameterization used in the three-dimensional fit. The
latter is estimated from the quadratic sum of the changes
induced by �1� variations of the fit parameters and from
the use of different functional forms for the PDFs. The
systematic error evaluation is summarized in Table IV.

B. �Xð3872Þ upper limit

The current best limit on the width of the Xð3872Þ is the
90% confidence level upper limit of �Xð3872Þ < 2:3 MeV
reported in the original discovery paper [1]. This is nar-
rower than theMð�þ��J=c Þmass resolution of the Belle
detector in the mass region of the Xð3872Þ, h�i ’ 4 MeV.
However, the three-dimensional fits used in the analyses
reported here are sensitive to natural widths that are nar-
rower than the resolution because of the constraints on the
area of theMð�þ��J=c Þ signal peak provided by theMbc

and �E components. Because of these constraints on the
area of the peak, the measured peak height is sensitive to
�Xð3872Þ. This is demonstrated in Fig. 3, which shows the

results of fits to high-statistics MC samples where the
Xð3872Þ is generated with widths ranging from zero to
2.5 MeV. Although the measurements have some bias,
especially at very small widths, the different input widths
are clearly distinguishable. The curve in Fig. 3 shows the
results of fit of a parabola to the MC measurements.

A fit to the Xð3872Þ ! �þ��J=c mass peak in data
with �Xð3872Þ as a free parameter returns a value that is at

the lower limit imposed on the fit. To establish an upper
limit on its value, we made a study of how the fit likelihood
depends on �Xð3872Þ.

In the three-dimensional fit, there are correlations
between the fitted width, the numbers of signal events

(nsig) and peaking background events (npeak). The other

parameters have negligible correlations with the width. We
therefore performed a series of fits to the data where we
fixed �Xð3872Þ at a sequence of values ranging from 0.1 to

3.0 MeV. In these fits all parameters other than nsig and

npeak were fixed at their best fit values; nsig and npeak were

allowed to vary. Figure 4 shows how the fit likelihood
changes with �Xð3872Þ. The arrow in the figure indicates

the width value, �Xð3872Þ ¼ 0:95 MeV, below which 90%

of the integrated area under the points is contained. This
value is below the experimental resolution. To check sen-
sitivity to uncertainties in the mass resolution width, we
repeated the scan using the value of the tail resolution
width determined from fitting the c 0 peak without any
rescaling. This had negligible effect on the width of the
likelihood.
In order to evaluate whether our measured limit is rea-

sonable given the size of our data sample, we derived width
upper limits from similar analyses of 24 statistically inde-
pendent, 170-event MC samples that were generated with

TABLE IV. Systematic errors on the mass measurement.

Source Systematic error (MeV)

mJ=c 0.01

mc 0 0.04

Bias correction 0.16

3-dim. fit model 0.03

MC model dependence 0.09

Quadrature sum 0.19
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FIG. 3 (color online). Fitted values for �Xð3872Þ (vertical) ver-
sus the MC generator input values (horizontal). The curve is the
result of a fit to a second-order polynomial.
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�Xð3872Þ ¼ 0. Of these, 12 produced 90% CL upper limits

that are less than 1 MeV; five returned a fit value at the
lower limit imposed on the fit. In a set of 24 MC samples
generated with �Xð3872Þ ¼ 1 MeV, none returned a width

value at the lower limit of the fit and 17 produced 90% CL
lower limits that exclude zero.

The c 0 width has been precisely measured in eþe� [38]
and p �p [39] threshold scans to be 0:304� 0:009 MeV [7],
a value that is well below the resolution of our measure-
ment. We validated our experimental sensitivity to narrow
natural widths by refitting the c 0 data sample using reso-
lution parameters fixed at the values given in Table II but
with �c 0 left as a free parameter. The fit result is �c 0 ¼
0:53� 0:11 MeV. An examination of the fit likelihood
shows that it is well behaved and excludes a zero width
value by more than 4�. The measured value is 0:23�
0:11 MeV above the PDG’s world-average value, which
is consistent with the bias value at � ’ 0:3 MeV derived
from the fitted curve in Fig. 3, namely, 0.25 MeV.

As an upper limit on the natural width of the Xð3872Þ,
we inflate the 90% CL value determined from the scan
values shown in Fig. 4 by 0.23 MeV, the measured differ-
ence between our measurement of �c 0 and its world-

average value, to account for a possible measurement
bias. Since both the simulated and observed biases are
positive and indicate that our measured limit is biased
high, this produces a conservative value for the upper limit.
The result is

�Xð3872Þ < 1:2 MeV 90%CL; (5)

which is more restrictive than the previous 90% CL limit of
2.3 MeV [1].

C. Product branching fractions

We determine product branching fractions for Bþ !
KþX, X ! �þ��J=c and B0 ! K0X, X ! �þ��J=c
via the relation

BðB ! KXð3872ÞÞ �BðXð3872Þ ! �þ��J=c Þ

¼ Nevts
K

NB �B�KfKBJ=c!‘‘

; (6)

where the notation is the same as that used for Eq. (2). The
results are

BðBþ ! KþXð3872ÞÞ �BðXð3872Þ ! �þ��J=c Þ
¼ ð8:63� 0:82ðstatÞ � 0:52ðsystÞÞ � 10�6; (7)

and

BðB0 ! K0Xð3872ÞÞ �BðXð3872Þ ! �þ��J=c Þ
¼ ð4:3� 1:2ðstatÞ � 0:4ðsystÞÞ � 10�6; (8)

where the systematic error includes uncertainties in the
MC simulation of the tracking, particle identification
for the leptons and charged kaon, KS reconstruction,

uncertainties in the number of B �B meson pairs, choice of
parameterization used in the three-dimensional fit, MC
statistics, decay model dependence and the error on the
world-average J=c ! ‘þ‘� branching fraction, all added
in quadrature. The computations are summarized in
Table V. The ratio of the B0 and Bþ product branching
fractions is

RðXÞ ¼ BðB0 ! K0Xð3872ÞÞ
BðBþ ! KþXð3872ÞÞ

¼ 0:50� 0:14ðstatÞ � 0:04ðsystÞ; (9)

where the systematic error evaluation is summarized in
Table V. This value is above the range preferred by some
molecular models for the Xð3872Þ: 0:06 � RðXÞ � 0:29
[40]. The BABAR result for this ratio is RðXÞ ¼ 0:41�
0:24� 0:05 [20].

VII. SEARCH FORACHARGED PARTNEROF THE
Xð3872Þ IN B ! K�þ�0J=c DECAYS

We search for a charged partner of the Xð3872Þ decaying
into �þ�0J=c using the selection criteria described above
for the �þ��J=c analysis, with the exception that one of
the charged pions is replaced by a �0. For this we require
two photons with E� > 35 MeV that reconstruct to a�0 !
�� with a mass-constrained fit �2 � 4:0. In the event of
multiple � entries we choose the candidate with the best �2

from the �0 mass-constrained fit; for multiple charged
pions, we choose the candidate that produces the lowest
value of j�Ej.
We perform an unbinned two-dimensional (Mbc vs.

Mð�þ�0J=c Þ) maximum likelihood fit to the selected
event samples using Gaussian and ARGUS function PDFs
for the Mbc signal and background, and a Crystal Ball
function [41] and third-order polynomial for the
Mð�þ�0J=c Þ signal and background, respectively. For
the peaking background we use the Mbc signal PDF
and a linear background shape for the Mð�þ�0J=c Þ PDF.
The Crystal Ball function parameters are fixed at values

TABLE V. Systematic errors on the product branching fraction
measurement.

Source KþXð3872Þ KSXð3872Þ KS=K
þ Ratio

(percent) (percent) (percent)

NB �B 1.4 1.4 � � �
Secondary BF 1.0 1.0 � � �
MC statistics 1.0 1.0 1.4

MC model 2.1 2.1 � � �
Hadron ID 3.7 2.6 1.1

Lepton ID 1.1 1.1 � � �
Tracking 1.8 1.4 0.4

3-dim. fit model 3.0 5.0 6.0

KS efficiency � � � 4.5 4.5

Quadrature sum 6.0 8.1 7.7

BOUNDS ON THE WIDTH, MASS DIFFERENCE AND . . . PHYSICAL REVIEW D 84, 052004 (2011)

052004-9



returned from fits to samples of Monte Carlo simulated
B!KXþ, Xþ!�þJ=c events with mXþ ¼ 3871:7 MeV
and �Xþ ¼ 0. The results of the fit to the simulated
�B0 ! K�Xþ sample are shown in the top panels of Fig. 5.
For the data, we do a series of fits with the Xþ mass

restricted to overlapping 10 MeV mass windows covering
the range 3850 MeV to 3890 MeV. For the K�Xþ channel
the largest signal yield is 4:2� 7:8 events at a mass of
3873� 6 MeV. The 90% CL upper limit, corresponding to
the signal yield below which 90% of the area of the like-
lihood function is contained, is 17.3 events. For the K0Xþ
channel, all mass intervals have a zero signal yield and the
90% upper limit derived from the likelihood function for a

peak mass fixed at 3873 MeV is 5.4 events. Mbc and
Mð�þ�0J=c Þ plots for the fit to the K�Xþ sample with
the highest event yield are shown in the middle panel of
Fig. 5. The bottom panels of Fig. 5 show the results of the
fit to the K0Xþ sample with peak mass fixed at 3873 MeV.
We determine 90% CL product branching fraction upper

limits using the relation

B ðB!KXþÞ�BðXþ!�þJ=c Þ< Nevts
90%UL

NB �BBJ=c!‘‘�KfK
;

(10)

where Nevts
90%UL is the upper limit on the event yield for each

channel, fKþ ¼ 1:0 and fK0 ¼ 0:346 (as in Eq. (2)), and �K
are the MC acceptances reduced by the systematic error.
The systematic errors are the same as those listed in
Table V above, with the additional inclusion of a 3%
systematic error associated with data-MC differences in
�0 detection and 2.5% for the increase in the upper bounds
when the resolution parameters of the Mð�þ�0J=c Þ sig-
nal PDF are varied by�10%. The systematic errors are 6%
for the B0 ! K�Xþ and 8% for the Bþ ! K0Xþ channels.
The acceptance values reduced by these systematic errors
are �Kþ ¼ 4:5% and �K0 ¼ 2:8%.
The resulting limits are

B ð �B0!K�XþÞ�BðXþ!�þJ=c Þ<4:2�10�6 (11)

and

B ðBþ!K0XþÞ�BðXþ!�þJ=c Þ<6:1�10�6: (12)

The BABAR limits for the same quantities are
Bð �B0 ! K�XþÞ �BðXþ ! �þJ=c Þ< 5:4� 10�6 and
BðBþ ! K0XþÞ �BðXþ ! �þJ=c Þ< 22� 10�6 [23].

VIII. ANGULAR CORRELATION STUDIES

For subsequent analysis, we define a tighter Xð3872Þ
signal region that extends �6 MeV around the
Mð�þ��J=c Þ signal peak. For background estimates we
use �12 MeV sidebands above and below the signal peak
centered at 3852 MeV and 3892 MeV. There are in total
165 events in the signal region; the background content,
determined from the scaled sidebands, is 34� 3 events.
Angular distributions for the sequential decays B !

KXð3872Þ, Xð3872Þ ! �J=c , � ! �þ�� and J=c !
‘þ‘� for the 1þþ and 2�þ cases are given by the LHCb
group in Ref. [42]. Since both the B and K mesons are
scalar particles, an Xð3872Þ meson produced via exclusive
B ! KX decays must have a zero component of angular
momentum along its momentum direction in the B rest
frame and, thus, its polarization vector, ~�X, must be along
this boost direction. This limits the number of independent
partial-wave amplitudes needed to describe the decay.
Moreover, angular momentum and parity conservation in
Xð3872Þ ! �J=c decay implies that for 1þþ the � and
J=c are in an S- and/or D-wave, while for 2�þ they are in
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FIG. 5 (color online). The Mbc (left), Mð�þ�0J=c Þ (right)
distributions for B ! KXþð3872Þ, Xþ ! �þJ=c MC events
(top) and �B0 ! K��þ�0J=c (middle) and Bþ !
K0�þ�0J=c (bottom) event candidates in the data, within the
signal region of the other quantity. The curves show the results of
the fits described in the text.
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a P- and/or F-wave. Since the Xð3872Þ ! �J=c decay
occurs at threshold, only the lower partial wave in each
case is considered. With this constraint, the 1þþ has only
one decay amplitude: L ¼ 0 and S ¼ 1, where L the
�-J=c orbital angular momentum and S their spin state.
The 2�þ hypothesis has two independent amplitudes:
L ¼ 1 with S ¼ 1 or S ¼ 2, which we denote by B11 and
B12, respectively.

We denote by 	X the angle between the J=c and the
direction opposite to the kaon in the Xð3872Þ restframe. In
the case of JPC ¼ 1þþ, the Xð3872Þ ! �J=c decay pro-
duces a � and J=c in an S-wave and, thus, the distribution
in cos	X is expected to be flat. For 2�þ, the final state is
P-wave and the cos	X distribution is / ð1þ 3cos2	XÞ for
B12 ¼ 0, approximately flat for jB11j ’ jB12j, and / sin2	X
for B11 ¼ 0. For 1þþ decays to an S-wave at threshold, the
interaction Lagrangian is Lint / ~�X � ð ~�J=c � ~��Þ, where
~�J=c and ~�� polarization vectors. Thus, the three polariza-

tion vectors tend to be mutually perpendicular. In polarized
� ! �þ�� decays, the pions have a cos2	 distribution
relative to the ~�� direction, while in polarized J=c !
‘þ‘�, the decay leptons have a sin2	 distribution relative
to the ~�J=c direction. To exploit this, we use a coordinate

system suggested by Rosner [43] where the x-axis is the
direction opposite to the kaon (i.e., the ~�X direction), the
x� y plane is defined by the kaon, and �þ and the z axis
completes a right-handed coordinate system. The angle
between the �þ direction and the x-axis is designated as
� and the angle between the ‘þ direction and the z-axis as
	‘, as shown in Fig. 6. In the limit where the J=c and � are
at rest in the X rest frame, the expectation for 1þþ has the
distinctive pattern

d2N

d cos	‘d cos�
/ sin2	‘sin

2�: (13)

The changes in the values of cos� and cos	‘ that occur
when � and 	‘ are determined in either the J=c or �
restframes (instead of the Xð3872Þ frame) are much smaller
than the bin sizes used in this analysis.

The CDF results on angular correlations used a three-
dimensional fit to data divided into 12 bins [15]. The
limited statistics of our sample preclude dividing the data
into enough bins to make a three-dimensional fit feasible.
Instead we compare one-dimensional histograms of data
and MC for different hypotheses.
The data points in Fig. 7 show the j cos�j, j cos	‘j and

j cos	Xj distribution for Xð3872Þ signal region events. The
dotted histograms indicate the background determined from
the events in the scaledMð�þ��J=c Þ sidebands. The solid
histogram is the sum of the background (dotted histogram)
and simulatedMCXð3872Þ ! �J=c events generatedwith
a 1þþ (S-wave only) hypothesis and normalized to the
observed signal. (TheMC samples described in this section
were generated using the partial-wave option of EvtGen
[32].) With no other free parameters, we find good matches

x
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lθ
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FIG. 6. Definitions of the angles � and 	‘ as described in the
text.
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FIG. 7 (color online). The comparisons described in the text
for the JPC ¼ 1þþ hypothesis applied to j cos	Xj (top), j cos�j
(middle) and j cos	‘j (bottom). The dashed histograms indicate
the sideband-determined background levels.
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between 1þþ expectations and the data for all three distri-
butions: the �2 values (confidence levels) are 3.82 (0.43),
1.76 (0.78) and 0.56 (0.97) for j cos	Xj, j cos�j and j cos	‘j,
respectively.

For JPC ¼ 2�þ, in addition to the normalization, there
are two more free parameters that we take to be the ratio
jB11j=jB12j and the relative phase between B11 and B12. A
comparison of the measured distributions with those for a
MC simulated 2�þ state with B11 ¼ 0 finds poor matches
for all three angular distributions: the �2 values (confidence
levels) are 14.9 (0.005), 48.8 (< 10�7) and 16.5 (0.002) for
j cos	Xj, j cos�j and j cos	‘j, respectively. For B12 ¼ 0,
there are reasonable matches between data and MC
for the jcos�j (�2 ¼ 6:04, CL¼0:20) and j cos	‘j (�2¼
1:92, CL¼0:75) distribution, but poor agreement in the
case of the j cos	Xj comparison (�2 ¼ 16:2, CL ¼ 0:003).

We made similar comparisons with simulated event
samples for a grid of values for jB11j=jB12j and its relative
phase. Figure 8 shows the data—MC comparison for the
case where ðB11=B12Þ ¼ 1:5e60

�i, the value for which we
found the best match. In this case all three MC distributions
have acceptable �2 values (confidence levels): 4.72 (0.32)
for cos	X, 4.60 (0.33) for cos�, and 5.24 (0.26) for cos	‘.

The LHCb analysis uses the parameter 
 ¼ B11

B11þB12
[42];

the values of jB11j=jB12j and the relative phase that are
listed above translate into 
 ¼ 0:69e23

�i.
We conclude that with the current level of statistical

precision we cannot distinguish definitively between the
1þþ and 2�þ assignments. However, while the 2�þ MC
distributions for all three angles are similar to those for
1þþ, they differ in detail, suggesting that in future experi-
ments with larger data samples, such as LHCb [44], Belle
II [45] and SuperB [46], three-dimensional fits based on the
angles discussed here will be able to distinguish between
the two JPC hypotheses.

IX. FITS TO THE Mð�þ��Þ DISTRIBUTION

For even-parity C ¼ þ1 states the �þ��J=c final state
would be a � and J=c primarily in a relative S-wave, while
for 2�þ, the � and J=c would be in a relative P-wave. For
the S-wave case, the Mð�þ��Þ mass distribution near the
upper kinematic limit is modulated by the available phase
space, which is proportional to k�, the J=c momentum
in the Xð3872Þ rest frame. For a J=c and � in a P-wave,
the upper boundary is suppressed by an additional ðk�Þ2
centrifugal barrier. Thus, the high-mass part of the
�þ��-invariant mass distribution provides some JP

information.
We extract a background-subtracted Mð�þ��Þ spec-

trum from a series of two-dimensional (Mbc vs. �E) like-
lihood fits to data in 20MeV-wideMð�þ��Þ bins covering
the range 0:4GeV�Mð�þ��Þ�0:78GeV. The extracted
yields are corrected for the Mð�þ��Þ-dependence of the
experimental acceptance. For this we use results from four
simulated data samples of B ! KX, X ! �þ��J=c
events where the �þ�� systems are generated with a
narrow width and mass values of 0.4, 0.5, 0.6 and
0.7 MeV, and made to decay according to � ! �þ��
dynamics. The correction factors are determined from a
quadratic extrapolation between the four acceptance val-
ues. The peaking background remaining in the data is
estimated from the Mð�þ��J=c Þ sidebands to be 12�5
events with anMð�þ��Þ distribution that is similar to that
of the Xð3872Þ signal. The resulting distribution is shown
as data points with error bars in Fig. 9
We fit the Mð�þ��Þ distribution for events in the

Xð3872Þ signal region using the parameterization of
Ref. [12]

dN=dm�� / ðk�Þ2‘þ1f2‘Xðk�ÞjBW�ðm��Þj2; (14)
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FIG. 8 (color online). The comparisons described in the text
for the JPC ¼ 2�þ hypothesis applied to j cos	Xj (top), j cos�j
(middle) and j cos	‘j (bottom) for B11=B12 ¼ 1:5e60

�i.
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where k� is defined above, ‘ is the orbital angular momen-

tum value, f0X ¼ 1:0 and f1Xðk�Þ ¼ ð1þ R2
Xk

�2Þ�1=2 are
Blatt-Weisskopf ‘‘barrier factors’’ [47] and BW� is the

relativistic BW expression

BW�ðm��Þ /
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m����

q

m2
� �m2

�� � im���

: (15)

Here ��¼�0½q�=q0	3½m�=m��	½f1�ðq�Þ=f1�ðq0Þ	2, where
q�ðm��Þ is the pion momentum in the � rest frame, q0 ¼
q�ðm�Þ, f1�ðqÞÞ ¼ ð1þ R2

�q
2Þ�1=2, �0 ¼ 146:2 MeV and

m� ¼ 775:5 MeV [7]. The ‘‘radii’’ RX and R� are poorly

known. Generally R� ¼ 1:5 GeV�1 is used and CDF uses

values forRX that are as large asRX ¼ 5:0 GeV�1. (Higher

values of RX reduce the effects of the k�ð2‘þ1Þ factor and,
therefore, make the S- and P-wave differences smaller.)
We take these values as our default settings.

The smooth curves in Fig. 9 show the results of the
S-wave (dashed line) and P-wave (solid line) fits. The
S-wave (‘ ¼ 0) case fits the data well: �2=d:o:f: ¼
17:5=18 (CL ¼ 49%). The P-wave (‘ ¼ 1) fit is poorer,
�2=d:o:f: ¼ 32:1=18 (CL ¼ 2%). Reducing the Blatt-
Weisskopf radius for the Xð3872Þ makes the P-wave fit
worse; increasing RX to 7:0 GeV�1 improves the P-wave
fit �2=d:o:f: to 26:5=18, which corresponds to a 9.0% CL.
Large changes in R� are found to have little effect on the fit

quality for either case.
However, both Belle [48] and BABAR [18] have reported

evidence for the subthreshold decay process Xð3872Þ !
!J=c . The CDF group pointed out that interference be-
tween the �J=c and !J=c final states, where ! !
�þ��, can have an important effect on the Mð�þ��Þ

line shape near the upper kinematic limit [12]. We there-
fore repeated the fits described above with the inclusion of
possible effects from �-! interference.
For these fits we use the form given in Eq. (14) with

BW�ðm��Þ replaced by

BW��! / BW� þ r!e
i�!BW!; (16)

where BW! is the same form as BW� with ! meson mass

and width values substituted for those of the �, r! is the
strength of the ! amplitude relative to that of the �, and
�! is their relative phase, which is expected to be 95� [49].
We performed fits to the Mð�þ��Þ distribution using

this form weighted by the acceptance with �! fixed at 95�
and r! left as a free parameter. Figure 10 shows the results
of the S-wave (dashed line) and P-wave (solid line) fits.
The inclusion of a small ! amplitude (r! ¼ 0:07� 0:05)
improves the S-wave fit to �2=d:o:f: ¼ 15:8=17 (54% CL).
The P-wave fit returns a larger ! contribution, r! ¼
0:48þ0:20

�0:14, and a good fit quality: �2 ¼ 14:6 for 17 degrees

of freedom (62% CL).
The fits have three components: direct � ! �þ��

(/jBW�j2) and ! ! �þ�� ( / r2!jBW!j2) contributions
and a �-! interference term. The contributions from each
component for each fit are listed in Table VI.
If the low-mass tails of the ! ! �þ���0 and ! !

�þ�� line shapes are the same [50], we expect
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FIG. 9 (color online). The data points show the background-
subtracted, relative-efficiency-corrected Mð�þ��Þ distribution
for Xð3872Þ ! �þ��J=c events. The curves show the results
of fits using an S-wave (dashed) and a P-wave (solid) BW
function as described in the text.

) (GeV)ππM(
0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8

E
ve

n
ts

/ 0
.0

2 
G

eV

0

5

10

15

20

25

30

35

40

FIG. 10 (color online). The background-subtracted, relative-
efficiency-corrected Mð�þ��Þ distribution for Xð3872Þ !
�þ��J=c events. The curves show the results of fits using an
S-wave (dashed line) and a P-wave (solid line) BW function
with effects of �-! interference included.

TABLE VI. Summary of the results from the �-! interference
fit.

Nsig r! N�!�� N!!�� N�-! interf

S-wave 159� 15 0:07� 0:05 140.9 0:6� 0:5 17.8

P-wave 158� 15 0:48þ0:20
�0:14 93.2 3:6þ1:5

�1:1 60.0
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Nð!!��Þ
Nsig

¼ BðXð3872Þ!!J=c Þ
BðXð3872Þ!�þ��J=c Þ�Bð!!�þ��Þ;

(17)

where the combined result from Belle [48] and BABAR [18]
(measured using ! ! �þ���0 decays) is BðXð3872Þ!
!J=c Þ=BðXð3872Þ!�þ��J=c Þ¼0:8�0:3. Using this,
Nsig ¼ 159� 15 and Bð! ! �þ��Þ ¼ 0:0153� 0:0013

[7], we find an expected valueNð! ! �þ��Þ ¼ 2:0� 0:8
events, which is between the values derived from both the
S-wave and P-wave fits and reasonably consistent with
either case.

X. SUMMARY

We report a measurement of the difference in masses of
Xð3872Þ mesons produced in Bþ ! Kþ�þ��J=c and
B0 ! K0�þ��J=c decays,

�MXð3872Þ ¼ ð�0:71�0:96ðstatÞ�0:19ðsystÞÞMeV; (18)

that is consistent with zero and disagrees with theoretical
predictions based on a diquark-diantiquark model for the
Xð3872Þ [19]. We conclude from this that the same particle
is produced in the two processes and use a fit to the
combined neutral and charged B meson data samples to
determine

MXð3872Þ ¼ ð3871:85�0:27ðstatÞ�0:19ðsystÞÞMeV: (19)

This result agrees with the current PDG world-average
value of 3871:56� 0:22 MeV [7] and supersedes Belle’s
earlier mass measurement [1], which was based on a
140 fb�1 subset of the current data sample. The width of
the Xð3872Þ signal peak is consistent with the experimental
mass resolution and we set a 90% CL limit on its natural
width of �Xð3872Þ < 1:2 MeV, improving on the previous

limit of 2.3 MeV.
We report a new measurement of the product branching

fraction

BðBþ ! KþXð3872ÞÞ �BðXð3872Þ ! �þ��J=c Þ
¼ ð8:63� 0:82ðstatÞ � 0:52ðsystÞÞ � 10�6; (20)

which supersedes the previous Belle result [1]. The 21:0�
5:7 signal event yield for B0 ! K0Xð3872Þ translates to a
ratio of branching fractions

BðB0!K0Xð3872ÞÞ
BðBþ!KþXð3872ÞÞ ¼0:50�0:14ðstatÞ�0:04ðsystÞ:

(21)

An examination of the isospin-related B ! K�þ�0J=c
channel shows no evidence for a charged partner to the
Xð3872Þ decaying as Xþ ! �þJ=c and we determine
90% CL upper limits on the product branching fractions

BðB ! KXþÞ �BðXþ ! �þJ=c Þ of 4:2� 10�6 and
6:1� 10�6 for K ¼ Kþ and K ¼ K0, respectively, for
an Xþ partner state with mass between 3850 MeV and
3890 MeV. These limits are well below expectations for
the Xð3872Þ if it is purely a neutral member of an I ¼ 1
triplet, in which case decays to the I3 ¼ �1 partners are
favored by a factor of 2.
A comparison of angular correlations among the final

state decay products finds a good match between data and
MC expectations for JPC ¼ 1þþ with no free parameters
(other than the overall normalization). The JPC ¼ 2�þ
hypothesis has one complex free parameter and we found
a value for which this hypothesis also matches the data
reasonably well. For this parameter value, the differences
between 1þþ and 2�þ expectations are small but nonzero
and a three-dimensional analysis based on the angles that
we use could distinguish between the two cases with the
much larger data sets expected at the LHCb [42], Belle II
[45] and SuperB [46] experiments.
Fits to the Mð�þ��Þ mass distribution that only con-

sider contributions from � ! �þ�� decays favor S-wave
(JP ¼ 1þ) over P-wave (JP ¼ 2�). However, the addition
of an interfering contribution from isospin-violating ! !
�þ�� decays results in acceptable fits for both the S-wave
and the P-wave hypotheses. The P-wave fit requires a
more substantial contribution from ! ! �þ��, but with
the current limited statistics for Xð3872Þ ! �þ��J=c
decays and the poor precision on the ratio BðXð3872Þ !
!J=c Þ=BðXð3872Þ ! �þ��J=c Þ, the measured ! !
�þ�� amplitudes that result from fits toMð�þ��Þ cannot
be used to distinguish between the two possibilities. This
also may be possible in future experiments.
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