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We present a study of B ! Xð3872ÞK with Xð3872Þ decaying to D�0 �D0 using a sample of 657� 106

B �B pairs recorded at the �ð4SÞ resonance with the Belle detector at the KEKB asymmetric-energy eþe�

collider. Both D�0 ! D0� and D�0 ! D0�0 decay modes are used. We find a peak of 50:1þ14:8
�11:1 events

with a mass of ð3872:9þ0:6þ0:4
�0:4�0:5Þ MeV=c2, a width of ð3:9þ2:8þ0:2

�1:4�1:1Þ MeV=c2 and a product branching

fraction BðB ! Xð3872ÞKÞ �BðXð3872Þ ! D�0 �D0Þ ¼ ð0:80� 0:20� 0:10Þ � 10�4, where the first

errors are statistical and the second ones are systematic. The significance of the signal is 6:4�. The

difference between the fitted mass and the D�0 �D0 threshold is calculated to be ð1:1þ0:6þ0:1
�0:4�0:3Þ MeV=c2. We

also obtain an upper limit on the product of branching fractions BðB ! Yð3940ÞKÞ �BðYð3940Þ !
D�0 �D0Þ of 0:67� 10�4 at 90% CL.

DOI: 10.1103/PhysRevD.81.031103 PACS numbers: 14.40.Rt, 12.39.Mk, 13.25.Hw

The Xð3872Þ was discovered by Belle in 2003 in B� !
J=c�þ��K� [1] with a mass of ð3872:0� 0:6�
0:5Þ MeV=c2, and was later confirmed by CDF [2], D0
[3] and BABAR [4]. It is one of the many new and unex-
pected hidden-charm states recently discovered with
masses around 4 GeV=c2. So far it remains unclassified;
it does not seem to be a pure c �c charmonium state, but may
be a D� �D deuson [5,6], a tetraquark state [7] or a
charmonium-gluon hybrid [8]. The current average mass
in the J=c�þ�� channel is ð3871:50�0:19ÞMeV=c2 [9].

An important feature of the Xð3872Þ is that its mass is
very close to the D�0 �D0 threshold (ð3871:81�
0:36Þ MeV=c2 [13]). The Xð3872Þ was also observed by
Belle [14] as a near-threshold enhancement in theD0 �D0�0

invariant mass spectrum of the B ! D0 �D0�0K channel,
with a peak at ð3875:2� 0:7þ0:3

�1:6 � 0:8Þ MeV=c2, where
the third error is from the uncertainty on the D0 mass [13],
a Gaussian width of ð2:42� 0:55Þ MeV=c2, and a branch-
ing fraction BðB ! D0 �D0�0KÞ ¼ ð1:22� 0:31þ0:23

�0:30Þ �
10�4. This initial study did not distinguish between decays
via theD�0, and more generalD0�0 final states. Looking in
addition for the D�0 ! D0� decay is crucial to demon-
strate the presence of Xð3872Þ decay through a D�0.

The BABAR collaboration recently published an obser-
vation of the decay B ! Xð3872Þð! D�0 �D0ÞK with a 4:9�
significance [15]. The observed mass is ð3875:1þ0:7

�0:5 �
0:5Þ MeV=c2 and the width is ð3:0þ1:9

�1:4 � 0:9Þ MeV=c2,
with a product branching fraction BðBþ !
Xð3872ÞKþÞ �BðXð3872Þ ! D�0 �D0Þ ¼ ð1:67� 0:36�
0:47Þ � 10�4. In the BABAR analysis,D�0 candidates were
subjected to a mass-constrained fit.

Another new particle called Xð3940Þ was discovered by
Belle in the eþe� ! J=cD� �D process [16]. A state with

the same mass, the Yð3940Þ (also known as Xð3945Þ [13]),
was discovered by Belle in B ! !J=cK [17] and was
later confirmed by BABAR, albeit with a smaller mass [18].
The possibility that the Xð3940Þ and Yð3940Þ are the same
state has not yet been ruled out.
In this paper we study the decays of Xð3872Þ and

Yð3940Þ to D�0D0 final state, followed either by D�0 !
D0� or D�0 ! D0�0, in the charged and neutral B !
Xð3872ÞK and B ! Yð3940ÞK decays, respectively.
Inclusion of charge-conjugate modes is implied throughout
the paper. Furthermore, we use the notation D�0 �D0 to
indicate both D�0 �D0 and �D�0D0. The results are based on
a 605 fb�1 data sample, corresponding to 657� 106B �B
pairs, collected at the �ð4SÞ resonance with the Belle
detector [19] at the KEKB asymmetric-energy eþe� col-
lider [20], which includes the statistics used in the previous
Belle analysis [14].
The Belle detector is a general purpose spectrometer

with a 1.5 T magnetic field provided by a superconducting
solenoid. A silicon vertex detector and a 50-layer central
drift chamber are used to measure the momenta of charged
particles. Photons are detected in an electromagnetic calo-
rimeter consisting of CsI(Tl) crystals. Particle identifica-
tion likelihoods LK and L� are derived from information
provided by an array of time-of-flight counters, an array of
silica aerogel Cherenkov threshold counters and dE=dx
measurements in the central drift chamber.
Charged tracks are identified as kaons using a require-

ment on the likelihood ratioLK=ðLK þL�Þ, which has an
efficiency of 88% for kaons and 10% for pions. Similarly,
the charged pion selection has an efficiency of 98% for
pions and 12% for kaons. �0 candidates are reconstructed
from pairs of photons with energies E� > 50 MeV and
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with invariant mass in the range 118 MeV=c2 <M�� <

150 MeV=c2. A mass-constrained fit is applied to obtain
the four-momenta of the �0 candidates. K0

S candidates are

reconstructed in the K0
S ! �þ�� mode with the require-

ment jM�� �mK0
S
j< 15 MeV=c2, where mK0

S
is the K0

S

mass [13]. Requirements on the K0
S vertex displacement

from the interaction point and on the difference between
vertex and K0

S flight directions are applied. The K0
S selec-

tion criteria are described in detail elsewhere [21]. A mass-
and vertex-constrained fit is applied to improve the four-
momenta measurements of the K0

S candidates.

D0 mesons are reconstructed in the modesD0 ! K��þ,
K��þ�0, K��þ�þ��, K0

S�
þ�� and K�Kþ. The D0

candidates are required to have a mass within
�14 MeV=c2 (� 26 MeV=c2 for the K��þ�0 mode) of
the D0 mass, 1864:8 MeV=c2 [13]. This mass window
width corresponds to �4� (� 3� for K��þ�0). Mass-
and vertex-constrained fits are applied to improve the
resolution of the four-momenta of D0 candidates. D0 can-
didates are combined with a photon or a �0 to obtain D�0
candidates. The photon candidate is required to have an
energy in excess of 100 MeV and shower shape variables
that are consistent with an electromagnetic shower; the
ratio of energy deposition in the central 3� 3 and 5� 5
crystals of the cluster is required to be greater than 0.8. A
mass window of�27:5 MeV=c2 for the D�0 ! D0� chan-
nel and �6 MeV=c2 for the D�0 ! D0�0 channel is ap-
plied (� 3�), and a mass-constrained fit is used to
improve the four-momenta of the D�0 candidates; the
mass is constrained to 2007:0 MeV=c2 [13].

B mesons are reconstructed by combining a D�0 �D0

candidate with invariant mass MD�D < 4:0 GeV=c2 and a
charged or neutral kaon candidate. To further reduce the
background, at least one D0ð �D0Þ is required to decay to
K��þðKþ��Þ. The beam-energy constrained mass

Mbc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam � ðPi

~PiÞ2
q

, where ~Pi is the momentum of

the ith daughter of the B candidate in the eþe� center-of-
mass (CM) system, is required to be larger than
5:2 GeV=c2. The energy difference �E ¼ EB � Ebeam,
where EB is the CM energy of the B candidate and Ebeam

is the CM beam energy, is restricted to the range j�Ej<
9 MeV for D�0 ! D0� and j�Ej< 12 MeV for D�0 !
D0�0. Continuum eþe� ! q �q background events (q ¼ u,
d, s, c) are suppressed by requiring the ratio of the second
and zeroth Fox-Wolfram moments [22] to be smaller than
0.3.

The average B candidate multiplicity per event is 2.3 for
D�0 ! D0� and 2.7 for D�0 ! D0�0. We select the can-
didate with the smallest value of the quantity

�
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; (1)

where �x is the deviation of the measured quantity x from
its expected value and �x the uncertainty in its measure-
ment obtained using a Monte Carlo (MC) method, and the
last term applies to the D�0 ! D0�0 channel only.
MC samples are produced using the EVTGEN [23]

generator. The Xð3872Þ mass distribution is generated
according to a relativistic Breit-Wigner function

BWðmÞ ¼ �m�ðmÞ
ðm2 ��2Þ2 þ�2�ðmÞ2 ; (2)

where

�ðmÞ ¼ �0

�

m

pðmÞ
pð�Þ ;

pðmÞ ¼ 1

2m

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðm2 � ðmD0 þmD�0Þ2Þ
q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðm2 � ðmD0 �mD�0Þ2Þ
q

;

and � and �0 are the nominal mass and width of the
resonance, respectively, and pðmÞ is the momentum of
one of the daughters in the rest frame of its parent. The
term m�ðmÞ in the numerator of Eq. (2) behaves like a
phase-space function, giving a smooth rise near the D�0 �D0

threshold.
The response of the Belle detector is simulated using a

GEANT3-based program [24]. Since the Xð3872Þ is very
close to the D�0 �D0 threshold, its mass resolution varies
rapidly with the D�0 �D0 mass (MD� �D). This resolution was
studied in detail using MC simulations. It is modeled as a
single Gaussian with a width given by the function
a

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MD�D �m0

p
(where a and m0 are free parameters)

shown in Fig. 1. At 3872 MeV=c2, the resolution is
0:13 MeV=c2.
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FIG. 1 (color online). Xð3872Þ mass resolution as a function of
the Xð3872Þ mass in the D0� channel, obtained from MC with a
Xð3872Þ mass spectrum generated for a continuous range of
masses from threshold to 4:0 GeV=c2. Crosses are Gaussian
resolutions for various generated D�0 �D0 masses; the curve is
the result of a fit with a square root function. Very similar results
are obtained for the D0�0 channel.
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A two-dimensional unbinned extended maximum like-
lihood fit to Mbc and MD�D is performed. The Mbc distri-
bution is described by a single Gaussian function for the
signal and an ARGUS function [25] for the background;
the MD�D distribution is described by a relativistic Breit-
Wigner function convoluted with the mass-dependent
Gaussian resolution for the signal and a square root func-
tion for the background. In the D0� channel, the signal
function also includes a broad higher mass distribution,
corresponding to D�0ðD0�Þ �D0 events incorrectly recon-
structed as D0 �D�0ð� �D0Þ. The shape and fraction of this
contribution is determined from MC. In the D0�0 channel,
however, the reflection shape is too similar to the signal
one to be distinguished. This is taken into account as a
systematic uncertainty. Additional components are the
Yð3940Þ signal, described by a relativistic Breit-Wigner
function, and the nonresonant B ! D� �DK background,
which peaks in Mbc but not in MD�D and is therefore
described by a single Gaussian function in Mbc and a
square root function in MD�D. The fitting procedure has
been extensively tested using toy MC samples.

First, eachD�0 decay channel sample is fitted separately.
The yield, mass and width of the Xð3872Þ peak are free
parameters of the fit, as well as the Yð3940Þ yield and the
number of background and nonresonant B ! D� �DK

events. The Yð3940Þ mass and its width are fixed to the
values of Ref. [17]. The results of the fits are presented in
Table I. Since all the results are consistent we proceed with
a combined fit.
We subsequently perform a simultaneous fit to both D�0

modes where the mass and width of the signal function are
constrained to have the same values in both modes, but the
ratio of the yields in the D0� and D0�0 channels is left
free. Table I shows the fit results. We obtain a yield ratio of
ND0�=ND0�0 ¼ 1:16þ0:53

�0:37, which is consistent with the

value of 0.92 we expect from MC with no nonresonant
D0 �D0�0 contribution. We then fix the ratios of D0�=D0�0

signal yields for the Xð3872Þ and Yð3940Þ fromMC studies
assuming that theD0�0 andD0� come from aD�0. This fit
gives 50:1þ14:8

�11:1 events with a statistical significance of 7:9�
(see Fig. 2 and Table I). We compute the significance from
�2 lnðL0=LmaxÞ, where L0 and Lmax are the likelihood
values returned by the fit with the signal yield fixed at zero
and left free, respectively. This quantity should be distrib-
uted as �2ðndof ¼ 3Þ, as three parameters are free for the
signal. The results of the simultaneous fits are consistent
with the results of the individual fits. The distributions for
Mbc and Xð3872Þ mass closer to the Xð3872Þ signal region
are presented in Fig. 3.

TABLE I. Summary of results: the fitted mass, width, and yield of the Xð3872Þ peak, and the total reconstruction efficiency,
branching fraction and statistical significance for the various fits described in the text.

Sample MX (MeV=c2) � (MeV=c2) Yield ��B B (10�4) �

D�0 ! D0� (XKþ and XK0) 3873:4� 1:0 4:2þ3:7
�1:8 26:2þ9:0

�7:6 4:56� 10�4 0:87� 0:28� 0:10 4:4�
D�0 ! D0�0 (XKþ and XK0) 3872:8� 0:7 3:1þ4:1

�1:5 22:0þ10:7
�6:4 4:93� 10�4 0:68� 0:26� 0:09 6:8�

All (free D0�=D0�0 ratio) 3872:9þ0:6
�0:4 3:9þ2:7�1:4 50:6þ14:2�11:0 9:49� 10�4 0:81� 0:20� 0:10 7:9�

All (fixed D0�=D0�0 ratio) 3872:9þ0:6
�0:4 3:9þ2:8

�1:4 50:1þ14:8
�11:1 9:49� 10�4 0:80� 0:20� 0:10 7:9�

Bþ ! XKþ 3872.9 (fixed) 3.9 (fixed) 41:3þ9:1
�8:1 8:17� 10�4 0:77� 0:16� 0:10 7:6�

B0 ! XK0 3872.9 (fixed) 3.9 (fixed) 8:4þ4:5
�3:6 1:32� 10�4 0:97� 0:46� 0:13 2:8�
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FIG. 2. Distributions of MD�D mass for Mbc > 5:27 GeV=c2 for D�0 ! D0� (left) and for D�0 ! D0�0 (right). The result of the
simultaneous fit is shown by the superimposed lines. The points with error bars are data, the dotted curve is the signal, the dashed curve
is the background, the dash-dotted curve (barely visible) is the Yð3940Þ component, and the solid curve is the total fitting function.
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Next we fit the Bþ ! Xð3872ÞKþ and B0 ! Xð3872ÞK0
S

modes separately, fixing the Xð3872Þmass and width to the
values obtained with the simultaneous fit. Table I shows the
results of these fits. Assuming the B0 ! Xð3872ÞK0 tran-
sition rate to be equal to twice the B0 ! Xð3872ÞK0

S rate,

we obtain a ratio of branching fractions

BðB0 ! Xð3872ÞK0Þ
BðBþ ! Xð3872ÞKþÞ ¼ 1:26� 0:65� 0:06;

which is consistent with unity. In this ratio, most of the
systematic uncertainties cancel out. The remaining uncer-
tainties are MC statistics, particle identification and recon-
struction efficiencies of the Kþ and K0

S, which combine in

quadrature to a 5% uncertainty.
The systematic uncertainties for the mass, width and

signal yield are estimated by varying the fixed parameters
of the simultaneous fit: the resolution function is scaled by
factors 0.9 and 1.2 obtained from the inclusive D�0 mass
resolution study; the ratio betweenD0� andD0�0 yields is
varied according to the error in the relative branching ratio
between D�0 ! D0� and D�0 ! D0�0 [13] and the uncer-
tainty in their relative reconstruction efficiency; the
Yð3940Þ mass and width are fixed instead to the values

from Ref. [18]; the yield of Yð3940Þ is fixed to zero and to
the upper limit of 40 events; the shape of the combinatorial
background is changed from a square root to an inverted
ARGUS function. Additional uncertainties due to possible
biases of the fit parameters are obtained using a large
ensemble of toy MC experiments generated for different
values of Xð3872Þ mass and width. We also consider
systematic uncertainties due to the contribution from
D�0 �D0 ! D0 �D�0 misreconstruction by changing the shape
of the miss-reconstruction component to one obtained from
MC generated with different values of Xð3872Þ mass and
width. Using MC we verify that the cross feeds between
D0 �D0� and D0 �D0�0 do not produce peaks in the signal
region. Another systematic uncertainty on the mass is due
to the D�0 �D0 threshold mass, 2mD0 þ�ðmD�0 �mD0Þ ¼
ð3871:80� 0:41Þ MeV=c2 [13]. The systematic uncertain-
ties for the branching fraction are estimated from the
following sources: the number of B �B events, D0 branching
fractions, track finding efficiencies, K=� identification
efficiency, � or �0 detection efficiency, K0

S reconstruction

efficiency, limited MC statistics and variation of the fixed
parameters of the fit. Table II summarizes the systematic
uncertainties. We obtain total systematic errors of
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FIG. 3. Distributions of Mbc for MD�D < 3:88 GeV=c2 (left) and of MD�D for Mbc > 5:27 GeV=c2 (right); the top row is for D�0 !
D0� and the bottom row for D�0 ! D0�0. The result of the simultaneous fit is shown by the superimposed lines. The points with error
bars are data, the dotted curve is the signal, the dashed curve is the background, the dash-dotted curve is the sum of the background and
the B ! D�DK component, the dot-dot-dashed curve is the contribution from D0 � �D0 reflections, and the solid curve is the total
fitting function.
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þ0:41
�0:54 MeV=c2 for the mass, þ0:22

�1:07 MeV=c2 for the width

and �12% for the branching fraction measurement. The
significance of the signal including systematic uncertain-
ties decreases to 6:4�.

In order to determine the reconstruction efficiency for
the branching fraction measurement, MC samples of
Bþ ! Xð3872Þð! D�0 �D0ÞKþ and B0 ! Xð3872Þ�
ð! D�0 �D0ÞK0

S events are generated for D�0 ! D0� and

for D�0 ! D0�0. The Xð3872Þ is generated with a mass of
3872:5 MeV=c2 and a width of 4:0 MeV=c2. The total MC
efficiencies multiplied by subdecay branching fractions are
presented in Table I.

The branching fraction, assumed to be equal for charged
and neutral B modes, is

B ðB ! Xð3872ÞKÞ �BðXð3872Þ ! D�0 �D0Þ
¼ ð0:80� 0:20� 0:10Þ � 10�4; (3)

whereBðXð3872Þ ! D�0 �D0Þ stands for the sum of branch-
ing fractions for Xð3872Þ ! D�0 �D0 and Xð3872Þ !
�D�0D0.
We obtain a mass of ð3872:9þ0:6þ0:4

�0:4�0:5Þ MeV=c2 and a

width of ð3:9þ2:8þ0:2
�1:4�1:1Þ MeV=c2. The difference in mass

between the peak and the D�0 �D0 threshold is

�M ¼ MX �mD�0 �mD0 ¼ ð1:1þ0:6þ0:1
�0:4�0:3Þ MeV=c2: (4)

As a cross-check, different shapes are used as a signal
function to fit the data. Using a nonrelativistic Breit-
Wigner function truncated at the threshold, we obtain a
mass of ð3873:4þ0:6

�0:9Þ MeV=c2, a width of

ð4:3þ2:5
�1:4Þ MeV=c2 and a signal yield of 39:6þ9:3

�8:1 events

with a statistical significance of 8:0�. Using a Flatté-like
parametrization [26], with g ¼ 0:3 and f� ¼ 0:007, we

obtain Ef ¼ ð�14:9� 2:0Þ MeV=c2, consistent with ex-

pected Ef ¼ �11 MeV=c2 [26], and a signal of 65� 12

events with a statistical significance of 8:8�. The data
statistics are not sufficient to distinguish between other
fitting functions suggested in the literature [27].
The peak mass in this mode,MX, like that in the BABAR

analysis [15], should not be directly compared to the mass
of the peak seen in J=c�þ��, or to the mass of the
Xð3872Þ state itself. In this analysis, to improve signal/
background separation, D0� and D0�0 combinations are
each subjected to a mass window selection, and then a
mass-constrained fit. This procedure returns masses above
D�0 �D0 threshold by construction, so the distribution (and
the mass and width of the peak) should be interpreted
accordingly. Efforts in this direction have already appeared
in the literature [27,28], addressing a preliminary version
of the results in this paper. It should be noted that the mass
measurement in our earlier paper [14], while lacking the
mass constraint, is also nontrivial to interpret, due to the
role of the D� width, and interference, in the decay ampli-
tudes [27,28].
For the Yð3940Þ state, the simultaneous fit yields 7�

21� 4 signal events and we set an upper limit of

BðB ! Yð3940ÞKÞ �BðYð3940Þ ! D�0 �D0Þ
< 0:67� 10�4 (5)

at 90% CL. By averaging the branching fractions of
Refs. [17,18], we obtain BðB ! Yð3940ÞKÞ �
BðYð3940Þ ! !J=c Þ ¼ ð0:51� 0:11Þ � 10�4; combin-

ing this with the upper limit (5) we get BðYð3940Þ!!J=c Þ
BðYð3940Þ!D�0 �D0Þ >

0:71 at 90% CL, to be compared with the 90% CL limits
from Ref. [16], BðXð3940Þ ! !J=c Þ< 0:26 and

BðXð3940Þ ! D�0 �D0Þ> 0:45, thus BðXð3940Þ!!J=c Þ
BðXð3940Þ!D�0 �D0Þ <

0:58 with more than 90% CL, an incompatibility that
suggests that the Xð3940Þ and the Yð3940Þ are different
states.
In summary, we find a significant near-threshold en-

hancement in the D�0 �D0 invariant mass spectrum in B !
D�0 �D0K decays. The significance of this enhancement
including systematic uncertainties is 6:4�; significant
signals are seen in both D�0 ! D0� and D0�0

modes. Using a relativistic Breit-Wigner, we obtain a
mass of ð3872:9þ0:6þ0:4

�0:4�0:5Þ MeV=c2 and a width of

ð3:9þ2:8þ0:2
�1:4�1:1ÞMeV=c2. The difference between the fitted

mass and the D�0 �D0 threshold is ð1:1þ0:6þ0:1
�0:4�0:3Þ MeV=c2.

Note that a D�0 mass constraint has been used in this
analysis; the fitted mass of the Xð3872Þ peak is 2:3� lower
than the value obtained by BABAR [15], where a similar
constraint was used. For the Yð3940Þ state, we set an upper
limit on the BðB ! Yð3940ÞKÞ �BðYð3940Þ ! D�0 �D0Þ
branching fraction which suggests that the Xð3940Þ and
the Yð3940Þ are different states.
We thank the KEKB group for the excellent operation of

the accelerator, the KEK cryogenics group for the efficient

TABLE II. Sources of systematic uncertainties for the fitted
mass and width (MeV=c2) and for the B ! Xð3872ÞK branching
fraction (%).

Source Mass Width B

Resolution function �0:04 �0:09 �0:3
D0�=D0�0 yields ratio �0:01 �0:00 �0:2
Yð3940Þ parameters �0:01 þ0:00

�0:32
þ0:0
�4:0

Background shape �0:00 þ0:00
�0:14

þ0:0
�2:2

Fit bias þ0:05
�0:30

þ0:15
�1:00

þ5:0
�0:0

D0 � �D0 reflections �0:02 �0:11 �0:5
D0 and D�0 masses �0:41 – –

Number of B �B events – – �1:4
D0 branching fractions – – �2:4
Tracking efficiency – – �5:0
Particle identification – – �4:0
� or �0 reconstruction – – �7:3
K0

S reconstruction – – �4:5
MC statistics (efficiency) – – �1:4
Total (quadrature) þ0:41

�0:54
þ0:22
�1:07 �12
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