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Using 462 fb�1 of e�e� annihilation data recorded by the Belle detector, we report the first observation
of the decay Ds1�2536�� ! D���K�. The ratio of branching fractions B�Ds1�2536��!D���K��

B�Ds1�2536��!D��K0�
is measured

to be �3:27� 0:18� 0:37�%. We also study the angular distributions in the Ds1�2536�� ! D��K0
S decay

and measure the ratio of D- and S-wave amplitudes. The S-wave dominates, with a partial width of
�S=�total � 0:72� 0:05� 0:01.

DOI: 10.1103/PhysRevD.77.032001 PACS numbers: 13.25.Ft, 11.80.Et, 13.66.Bc, 13.88.+e

I. INTRODUCTION

Two states, D�s0�2317�� and Ds1�2460��, have been
discovered recently both in continuum e�e� annihilation
near

���
s
p
� 10:6 GeV=c2 and in B meson decays [1–3].

Their spin parities are, respectively, JP � 0� and 1� [4],
and they are presumed to be P-wave excited c�s states with
j � j ~L� ~S�sj � 1=2. Here, j ~Lj � 1 is the orbital angular
momentum and ~S�s is the spin of the light antiquark.
However, their masses are unexpectedly low [5]. This has
renewed interest in measurements of P-wave excited
charm mesons such as Ds1�2536�� and Ds1�2460��.

We report the first observation of the decay
Ds1�2536�� ! D���K�. (The inclusion of charge-
conjugate modes is implied throughout this paper.) The
D��� pair in the final state is the only D� combination
that cannot come from a D� resonance: D�0 mesons can
only be produced virtually here since MD�0 <MD� �
M�� . The new Ds1�2536�� ! D���K� mode reported
here is only the second observed three-body decay of the
Ds1�2536��, after D�s ���� [3,6].

In addition, we have performed an angular analysis of
the Ds1�2536�� ! D��K0

S mode. Heavy quark effective
theory (HQET) predicts that for an infinitely heavy c-quark
this decay of a JP � 1�, j � 3=2 state should proceed via
a pure D-wave [7]. The corresponding decay of its partner,
theDs1�2460��, which is believed to be a 1�, j � 1=2 state
is energetically forbidden, but if it were allowed it would
proceed via a pure S-wave. Since heavy quark symmetry is
not exact, the two 1� states can mix with each other,

 jDs1�2460��i � cos�j1=2E1i � sin�j3=2E1i;

jDs1�2536��i � � sin�j1=2E1i � cos�j3=2E1i;
(1)

where j1=2E1i and j3=2E1i denote the states with j � 1=2
and j � 3=2, respectively. Note that the coupling via com-
mon decay channels can give a contribution to the mixing
that might not be well represented by an orthogonal rota-
tion [8]. We neglect this possibility in the expression
above. If � � 0, an S-wave component can appear in the
decay Ds1�2536�� ! D�K. Moreover, even if � is small,
the S-wave component can give a sizeable contribution
to the width because the D-wave contribution is strongly
suppressed by the small energy release in the
Ds1�2536�� ! D�K decay.

The first attempt to decompose S- and D-waves in the
analogous decays of the nonstrange mesons D1�2420�0 !
D���� and D1�2420�� ! D�0�� was reported more than
ten years ago by CLEO [9,10]; currently, no results on the
Ds1�2536�� exist. Moreover, CLEO’s method did not al-
low the measurement of the ratio of partial widths: it only
determined the relation between this ratio and the relative
phase between the S- and D-wave amplitudes. Some in-
formation on � is obtained from the ratio of electromag-
netic decay rates Ds1�2460�� ! D�s �; D��s �, since only
the 1P1 state in Ds1�2460�� undergoes an electric dipole
(E1) transition to D�s and only the 3P1 state to D��s [11].
The bases jjE1i and j2S�1P1i are related by the rotation
angle �0, where tan�0 � �

���
2
p

. The angle between the
bases jD�s i and j2S�1P1i is �� �0. The Belle
Collaboration studied Ds1�2460�� ! D�s �, D��s � decays
using Ds1�2460�� from both B decays [2] and from e�e�

annihilation [3], and determined the ratio of decay rates to
be 0:4� 0:3 and 0:28� 0:17, respectively. The average
ratio of 0:31� 0:14 gives the constraint tan2��� �0� �
0:8� 0:4 using the formulas of Ref. [11]. Detailed knowl-
edge of the mixing is important to test different theoretical
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models [8,11,12], to fix their parameters, and to understand
better the nature of DsJ mesons.

Finally, using the Ds1�2536�� ! D��K0
S mode, we have

measured the spin alignment of high momentum
Ds1�2536�� mesons produced in e�e� annihilation.
Production of excited mesons in the HQET framework is
described in Ref. [13]. The fragmentation process is as-
sumed to be so rapid that the color magnetic forces do not
have time to act and thus the spin of the light antiquark in
the produced meson is uncorrelated with that of the heavy
quark. One consequence of this is that D� mesons with j �
1
2 are produced unpolarized. This was confirmed with good
accuracy by CLEO [14] in e�e� ! c �c events at

���
s
p
�

10:5 GeV and was also checked by other experiments
[15]. Another prediction is that D� and D mesons are
produced according to the number of available helicity
states in a 3:1 ratio. However, experimental data from
several different production mechanisms (e�e�, hadropro-
duction, photoproduction, etc.) give an average probability
for an S-wave meson to be produced in a vector state of
0:594� 0:010 [16], which is much smaller than the ex-
pected value of 0.75.

There are no similar measurements for the P-wave
states. Contrary to the S-wave mesons �D;D�� case,
HQET predicts that the members of the j � 3=2 doublet
can be produced aligned. The probabilities for the light
degree of freedom to have helicity �3=2, �1=2, 1=2, 3=2
are expressed via single, Falk-Peskin parameter w3=2 as
1
2w3=2, 1

2 �1� w3=2�,
1
2 �1� w3=2�,

1
2w3=2, respectively. By

adding the c-quark spin and resolving the c�s system into
1� and 2� states, one can calculate their alignments. For
Ds1�2536�� the probability of zero helicity is �00 �

2
3 �

�1� w3=2�. A calculation based on perturbative QCD and a
nonrelativistic quark model gives w3=2 	 0:254 [17]. This
calculation also predicts the dependence of w3=2 on the
longitudinal momentum fraction and on the transverse
momentum of the meson relative to the heavy quark jet.
The ARGUS analysis of the angular distributions in
D�2�2460� ! D� decay [18] gives an upper limit w3=2 <
0:24 at 90% C.L. [13]. Once w3=2 is measured, one can
make definite predictions for the angular distributions of
the remaining j � 3=2 meson decays and check the valid-
ity of HQET.

II. SELECTION CRITERIA

This study is based on a data sample of 462 fb�1 col-
lected near the ��4S� resonance with the Belle detector at
the KEKB asymmetric-energy e�e� (3.5 on 8 GeV) col-
lider [19]. The Belle detector is a large-solid-angle mag-
netic spectrometer that consists of a silicon vertex detector,
a 50-layer central drift chamber, an array of aerogel thresh-
old Cherenkov counters, a barrel-like arrangement of time-
of-flight scintillation counters, and an electromagnetic
calorimeter comprised of CsI(Tl) crystals located inside a

superconducting solenoid coil that provides a 1.5 T mag-
netic field. An iron flux-return located outside the coil is
instrumented to detect K0

L mesons and to identify muons.
The detector is described in detail elsewhere [20]. Two
inner detector configurations were used. A 2.0 cm beam-
pipe and a 3-layer silicon vertex detector were used for the
first sample of 155 fb�1, while a 1.5 cm beampipe, a 4-
layer silicon detector, and a small-cell inner drift chamber
were used to record the remaining 307 fb�1 [21].
K� and �� candidates are required to originate from the

vicinity of the event-dependent interaction point. To iden-
tify kaons, we combine the ionization energy loss (dE=dx)
from the central drift chamber, time of flight, and
Cherenkov light yield information for each track to form
kaon and pion likelihoods LK and L�, respectively [22],
and then impose the requirement LK=�LK �L��> 0:1.
This requirement has 98% (97%) efficiency for a kaon
from Ds1�2536�� (kaon from D) and a 12% (17%) mis-
identification probability for a pion. All unused tracks,
whether identified as a kaon or not, are treated as pion
candidates in what follows. K0

S candidates are recon-
structed via the ���� decay channel, requiring the two
pions to originate from the common vertex and with a mass
within �30 MeV=c2 of the nominal K0

S mass. D0 and D�

mesons are reconstructed using K���, K0
S�
���,

K������� and K0
S�
�, K����� decay modes, respec-

tively. All combinations with masses within �20 MeV=c2

of the nominal D mass are selected (99% efficiency); a
mass and vertex constrained fit is then applied.
D�� mesons are reconstructed using the D0�� mode.

The �� momentum in this reaction is low, typically be-
tween 100 MeV=c and 450 MeV=c in the laboratory frame
for the selected candidates. The slow �� momentum reso-
lution is degraded by multiple scattering, but is improved
by a track refit procedure in which the �� origin point is
constrained by the intersection of the D0 momentum and
the known e�e� interaction region. The D0�� mass is
required to be within �1:5 MeV=c2 of the D�� nominal
value, which corresponds to 98% efficiency. A D�� mass
constraint is not imposed. Instead, we characterize the
Ds1�2536�� candidate using the mass difference
MD0��K0

S
�MD0�� , where the error in the D�� momentum

nearly cancels out. For the Ds1�2536�� ! D���K� de-
cay mode, the track refit procedure described above is
applied to the pion and kaon momenta, and the
Ds1�2536�� is characterized by the D���K� mass.

It is known that the momentum spectrum of the excited
charm resonances from continuum e�e� annihilation is
hard. In addition, due to the strong magnetic field in
the Belle detector, the tracking efficiency for low momen-
tum �� and K� mesons from D�� and Ds1�2536�� decays
rises with Ds1�2536�� momentum. Therefore, we require
xP > 0:8 for the scaled momentum xP, defined as the
ratio p�=p�max. Here, p� is the momentum of the
Ds1�2536�� candidate in the e�e� center-of-mass frame,
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while p�max �
����������������������������
E�2beam �M

2
D�s1

q
is the momentum in this

frame for a candidate carrying all the beam energy. This
selection also removesDs1�2536�� mesons produced in the
decays of B mesons.

In Monte Carlo (MC) simulation, Ds1�2536�� mesons
from e�e� annihilation, particle decays, and the detailed
detector response are simulated using the PYTHIA,
EvtGen, and GEANT packages [23–25], respectively.
The D0 and D� decay modes used in reconstruction are
generated with their resonant substructures taken from the
Particle Data Group (PDG) compilation [4] but neglecting
any interference effects. TheDs1�2536�� momentum spec-
trum as measured with the Ds1�2536�� ! D��K0

S decay
mode is used for MC generation. As shown below in Fig. 3,
no clear resonant substructure is visible in the decay
Ds1�2536�� ! D���K�. Therefore, this mode is simu-
lated as a three-body phase space decay. Ds1�2536�� !
D��K0

S decays are generated according to the results of the
presented measurement of Ds1�2536�� polarization and
D=S-wave interference [26].

III. Ds1�2536�� ! D���K� DECAY

The massMD���K� (upper plot) and the mass difference
�MD0��K0

S
�MD0��� �M

PDG
D�� (lower plot) for all accepted

combinations are shown in Fig. 1. The PDG superscript
denotes the nominal mass value from Ref. [4]. A clear peak
for the new decay channel Ds1�2536�� ! D���K� is
visible. The mass spectrum of the wrong sign combinations
D���K� shown by the hatched histogram has no en-
hancement in the Ds1�2536�� region.

To obtain the number of Ds1�2536�� decays, each of the
distributions in Fig. 1 is fit to the sum of two Gaussians
with a common mean (but not common between the two
decay modes). To ensure that the second Gaussian is al-
ways wider than the first one, its width is chosen to be of

the form �2 �
����������������������
�2

1 ���2
q

. The position of the peak, �1,
��, the fraction of events in the first Gaussian, and the
total number of events in two Gaussians are allowed to vary
in the fit. The background for the three-body D���K�

(two-body D��K0
S) mode is parametrized by a second

(first) order polynomial multiplied by the threshold func-

tion �M�Mthr
D���K��

2 (
���������������������������
M�Mthr

D��K0
S

q
), where Mthr

f is the

sum of the nominal masses of final state particles f [4].
Table I contains the fit results together with the parameters
of the Gaussians obtained from MC simulation. The MC
efficiency is calculated as the weighted average for differ-
entD decay modes. Branching fractions ofD�,D0 mesons
as well as B�K0

S ! �����, B�K0 ! K0
S�, and B�D�� !

D0��� for the last row of Table I are taken from Ref. [4].
In the analysis we do not select the best Ds1�2536��

candidate in the event. If we did so, we would introduce an
efficiency dependence on the presence and the distribution
of random Ds1�2536�� candidates which is difficult to
estimate reliably in MC. The small fraction of events
contributing two entries to the Ds1�2536�� signal region
in the mass plot is determined from data. Since the fraction
can be different for the signal and background events, we
use sideband subtraction procedure. The excess of double
counted events in the signal region (Nsig

double) in comparison
with the same number averaged over the left and the right
sideband (Nside

double) is Nsig
double � N

side
double � 35� 18:5 � 16:5

and 203� 15:5 � 187:5 for the D���K� and D��K0
S

modes, respectively. These numbers are subtracted from
the fitted yields and the results are presented in Table I. The
same procedure is used in calculating the MC efficiency.
The signal and the sidebands are defined as j�MD�s1

j<
5 MeV=c2, 10 MeV=c2 < j�MD�s1

j< 20 MeV=c2, re-
spectively, where �MD�s1

is measured relative to the peak
position obtained from the fit.

The ratio of branching fractions is found to be

 

B�Ds1�2536�� ! D���K��

B�Ds1�2536�� ! D��K0�
� �3:27� 0:18� 0:37�%;

(2)

where the first error is statistical and the second is
systematic.

The systematic error receives contribution from the
sources listed in Table II. A possible difference between
the data and MC simulation in evaluation of the tracking
efficiency is estimated using partially reconstructed D��

decays. The reconstruction efficiency errors for low mo-
mentum K�, K0

S, and �� mesons from D�� and
Ds1�2536�� decays are added linearly since the tracking
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FIG. 1. Observed invariant mass spectra of selected D���K�

(top) and D��K0
S (bottom) combinations. The hatched histogram

in the top plot shows the corresponding spectrum of wrong sign
D���K� combinations. The fit is described in the text. The fit
results are listed in Table I.
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efficiency of different tracks (including pions from K0
S) is

correlated. The uncertainty in the kaon particle identifica-
tion is estimated usingD�� decays. Uncertainty in the ratio
of the remaining reconstruction efficiencies of considered
final states, that is the ratio of the total D� and D0 recon-
struction efficiencies, is conservatively estimated by a
comparison of different decay modes used in the recon-
struction. One of the largest contributions to the systematic
uncertainty arises due to the model of the background. It is
evaluated by fitting the wrong sign D���K� subtracted
spectrum, which contains almost no background. For the
D���K� mode, the efficiency is almost independent of
the D���, K��� masses and the angular distribution of
decay products. Therefore, the possible difference between
the simplified phase space MC model and the real
Ds1�2536�� ! D���K� decay results in a small uncer-
tainty in the efficiency determination. It is estimated by
comparing the yields of events using either an average or
differential efficiency in the Ds1�2536�� decay angles and
the D��� and K��� masses. The total systematic error is
found to be 11.2% (Table II).

To cross-check the results, the D� mass spectrum is
plotted in Fig. 2 for the Ds1�2536�� signal and sidebands.
The latter is normalized to the area of the signal interval.
The sideband subtracted plot shown in the bottom of Fig. 2
is fit to a double Gaussian as above and a constant back-
ground. The resulting yield 1249� 66 is consistent with
the yield 1262� 65 obtained from the fit of the
Ds1�2536�� mass spectrum. The constant background level

is found to be �0:9� 0:8, which is consistent with zero.
The enhancement in the D� mass region observed in the
Ds1�2536�� sidebands (top plot of Fig. 2) is due to combi-
nations of a realD� with a random��K� pair in the event.

TABLE II. Systematic uncertainties for B�Ds1�2536�� ! D���K��=B�Ds1�2536�� ! D��K0�.

Source Uncertainty, %

Reconstruction efficiencies of low momentum ��, K�, and K0
S from D�� and Ds1�2536�� 7.5

Particle identification of K� from Ds1�2536�� 1.2
Ratio of D� and D0 efficiencies 2.7
Background model in M�D���K�� spectrum 6.5
Efficiency dependence on D���, K��� masses and angular distribution of decay products in D���K� decay 1.2
Branching fraction of intermediate resonances [4] 4.1

Total 11.2

TABLE I. Fit results for the Ds1�2536�� spectra in Fig. 1 and for the corresponding MC simulation spectra: the number of events in
the two Gaussians for data or the efficiency for MC simulation (a small contribution of double counted events is subtracted), fraction of
events in the narrow Gaussian, width of the narrow Gaussian, additional width contribution for the wide Gaussian, and the mass
difference with respect to MPDG

Ds1
� �2535:35� 0:34� 0:5� MeV=c2.

D���K� D��K0

data MC data MC

Yield/Efficiency 1264� 66 0:2699� 0:0017 5485� 81 0:1273� 0:0004
Narrow Gaussian fraction 0:59� 0:06 0:463� 0:014 0:63� 0:03 0:629� 0:006
�1 (MeV=c2) 0:76� 0:06 0:94� 0:02 1:01� 0:03 0:946� 0:008
�� (MeV=c2) 2:4� 0:4 2:55� 0:04 2:54� 0:13 2:56� 0:03
MDs1

�MPDG
Ds1

(MeV=c2) �0:57� 0:04 �0:031� 0:010 �0:43� 0:02 �0:034� 0:005
Sum of intermediate branching fractions 10.53% 3.169%
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FIG. 2. D� mass spectrum for the Ds1�2536�� signal band
(j�MD���K�j< 5 MeV=c2, open histogram in the top plot) and
the sidebands (10< j�MD���K�j< 20 MeV=c2, normalized to
the signal interval, hatched histogram). �MD���K� is measured
relative to the peak position in the top plot of Fig. 1. The bottom
plot shows the sideband subtracted distribution. The solid curve
shows the results of the fit described in the text.
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The D��� and K��� mass distributions for the
Ds1�2536�� ! D���K� decay are shown in Fig. 3. The
Ds1�2536�� signal yield is obtained from fits to the
D���K� mass distribution in bins of D��� and K���

mass. All Gaussian parameters except the total number of
events are fixed in the fit to the values listed in Table I. The
position of the threshold used for the background descrip-
tion depends on the chosen bin. The areas under the histo-
grams have been normalized to unity. The spectra are not
efficiency corrected. The dashed histograms show the cor-
responding MC spectra for Ds1�2536�� ! D���K� de-
cays simulated according to a phase space distribution.
From this plot, the data points do not appear to be entirely
consistent with a phase space distribution. The underlying
reasons for this difference, like possible contributions from
various two-body reactions (virtual D�0 and K�,
D�0�2400�0K�, D�2�2460�0K�, D� and virtual K�0 or

higher K� resonance), are not studied further, but the effect
is taken into account in the evaluation of the systematic
error on the efficiency as described above.

IV. ANGULAR ANALYSIS OF Ds1�2536�� ! D��K0
S

DECAY

The Ds1�2536�� ! D��K0
S decay kinematics can be

described by three angles �, �, and � defined as shown
in Fig. 4. The angles � and � are measured in the
Ds1�2536�� rest frame: � is the angle between the boost
direction of the e�e� center of mass and the K0

S momen-
tum, while � is the angle between the plane formed by
these two vectors and the Ds1�2536�� decay plane. The
third angle � is defined in the D�� rest frame between ��

and K0
S.

Ds1�2536�� polarization can be described in terms of its
helicity density matrix �m1m2

, where the indexesm1 andm2

denote the Ds1�2536�� helicities. The contribution of the
element �m1m2

to the decay amplitude is proportional to
e�i��m1�m2�, where � is the azimuthal rotation angle
around the e�e� boost direction in the Ds1�2536�� rest
frame. After integration over � the contribution of off-
diagonal elements vanishes. Because of parity conserva-
tion, the three diagonal elements can be expressed in terms
of the longitudinal polarization �00, i.e., the probability
that the Ds1�2536�� helicity is zero. The other two prob-
abilities are both equal to �11 � ��1�1 � �1� �00�=2. In
the helicity formalism, the angular distribution in the decay
chain Ds1�2536�� ! D��K0

S, D�� ! D0�� is given by

 

d3N
d�cos��d�d�cos��

�
9

4��1� 2R��
�

�
cos2�

�
�00cos2��

1� �00

2
sin2�

�
� R�sin2�

�
1� �00

2
sin2�

� cos2�
�
�00sin2��

1� �00

2
cos2�

��
�

�������
R�

p
�1� 3�00�

4
sin2� sin2� cos� cos	

�
: (3)

The formula depends on three variables: �00, R�, and 	.
Here

�������
R�

p
ei	 � A1;0=A0;0 � z, where A1;0 and A0;0 are the

helicity amplitudes corresponding to the D�� helicities�1
and 0, respectively. They are related to S- and D-wave
amplitudes in Ds1�2536�� decay by A1;0 �

1��
3
p �S� 1��

2
p D�,

A0;0 �
1��
3
p �S�

���
2
p
D�. Equation (3) allows one to extract

�00 and z from theDs1�2536�� angular distributions and to
obtain D=S �

���
2
p
�z� 1�=�1� 2z� �

��������������
�D=�S

p
ei
, where

�D;S are the partial widths of Ds1�2536�� and 
 is the
phase between D- and S-amplitudes.

The interference term in Eq. (3), with phase 	, vanishes
after integration over any angle. In particular, it does not

FIG. 4. Definitions of the angles �, �, and �. The first two are
measured in the Ds1�2536�� rest frame, the third in the D��

frame. ‘‘Boost’’ refers to the direction of the e�e� center of
mass in the Ds1�2536�� rest frame.
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FIG. 3. Normalized mass spectra of D��� (top) and K���

(bottom) pairs from Ds1�2536�� ! D���K� decay obtained
from fits to the D���K� mass distributions in different D���

or K��� mass bins. The dashed histograms show the corre-
sponding MC distributions for Ds1�2536�� ! D���K� decays
simulated according to a phase space distribution.
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appear in Ref. [9] in the formulas for the two- and one-
dimensional distributions d2N=d�cos��d�cos�� and
dN=d�cos��. Therefore, in Refs. [9,10], only

�������
R�

p
� jzj

is measured for the D1�2420� meson. This only con-
strains the possible ranges of �D=�S and the phase 
.
To determine them unambiguously, one needs to measure
the phase 	 and to fit the whole three-dimensional
d3N=d�cos��d�d�cos�� distribution.

The probability density function (PDF) for the unbinned
maximum likelihood fit has the form
 

P �cos�;�; cos�� � �1� fb� 

d3N

d�cos��d�d�cos��



��cos�;�; cos��

h�iavr

� fb 
 P bck�cos�;�; cos��: (4)

It includes the efficiency corrections ��cos�;�; cos�� and
the contribution of the background P bck�cos�;�; cos��.
The background fraction fb � 528=6169 is estimated as
the ratio of the number of entries in the sidebands and
in the signal region, respectively. The signal and the side-
band regions, defined as j�MD�s1

j<7 MeV=c2 and
10 MeV=c2< j�MD�s1

j<17 MeV=c2, respectively, are
wider than in the D���K� case since the background
is lower. The PDF P bck�cos�;�; cos��, which is normal-
ized to unity, is modeled using the sideband event distri-
bution and the procedure described below.
��cos�;�; cos�� is the MC-determined efficiency. The
average efficiency h�iavr normalizes to unity the signal
part of the PDF. It is recalculated in every iteration of
the fit procedure as h�iavr�

P
i�i 
Ii	

RRR d3N
d�cos��d�d�cos���

��cos�;�;cos��d�cos��d�d�cos��. The sum is taken over
10� 10� 10 ‘‘bins’’ in a three-dimensional �cos�� �
�� �cos�� space. The efficiency map �i is determined
from MC simulation, while the integral Ii of
d3N=d�cos��d�d�cos�� over each bin volume is calcu-
lated analytically.

The density P bck�cos�;�; cos�� of sideband events in
the vicinity of �cos�;�; cos�� is calculated as follows.
First, the three-dimensional �cos�� � �� �cos�� space
is rescaled along each axis to the unit cube. This ensures
that in the case of uniform distributions all three variables
have the same ‘‘weight.’’ Then, for the given point
�cos�;�; cos��, we find the volume V10 (V11) of the small-
est cube centered at this point and containing 10 (11) the
closest sideband events. The 10th (11th) event lies on
a surface of V10 (V11). Therefore, we assign 10 full events
to the volume V10:5 �

1
2 �V10 � V11� and estimate

P bck�cos�;�; cos�� � 10=V10:5=�4� 
 528�. Here, 4� is
the original volume of the �cos�� � �� �cos�� space
and 528 is the total number of sideband events. The result-
ing P bck is thus normalized. To determine a systematic
uncertainty due to this procedure, we estimate the back-
ground density P bck using 20 or 50 closest sideband events

instead of 10. The changes are found to be negligible
compared to statistical errors (see below).

The advantage of this procedure is that for any one
signal event P bck is always determined from 10 (or 20,
or 50) sideband events. Therefore the sideband fluctuations
are much smaller than fluctuations of one signal event. This
ensures the necessary degree of ‘‘smoothness’’ of the P bck
distribution. On the other hand, the typical volume V10:5 is
about 10=528 	 0:02 of the whole �cos�� � �� �cos��
space volume. P bck thus reproduces the background be-
havior at this level of granularity.

A similar method is used to construct the efficiency
function ��cos�;�; cos��. Because of the much larger
MC sample, instead of V10:5 we use the volume with 100
MC reconstructed events V100:5. We then determine the
number of MC events generated there, N100

gen , and calculate
the efficiency as ��cos�;�; cos�� � 100=N100

gen . As in the
previous case, usage of the 50 or 200 closest events instead
of 100 reproduces the same results within the statistical
errors, and is used to determine the systematic uncertainty
of this method due to the efficiency.

The three-dimensional fit of all Ds1�2536�� signal en-
tries to P �cos�;�; cos�� gives

 z � A1;0=A0;0 �
�������
R�

p
ei	

�
��������������������������������
3:6� 0:3� 0:1
p

exp��i 
 �1:27� 0:15� 0:05��:

(5)

Note that the angular distributions are sensitive only to
cos	, not to 	 itself. Therefore 	 has a �	� 2�n ambi-
guity, and A1;0=A0;0 is determined up to complex conjuga-
tion. The average Ds1�2536�� longitudinal polarization in
the region xP > 0:8 is measured to be �00 � 0:490�
0:012� 0:004.

Systematic uncertainties are calculated as a sum in
quadrature of the contributions listed in Table III. MC
simulation shows that the detector resolution in cos�, �,
cos� not only increases the final errors but also effectively
decreases the parameter R� by 0.13. The corresponding
correction has already been applied to the above result. The
systematic uncertainties in modelling P bck and � are esti-
mated by varying the number of closest sideband or simu-
lated events as explained above, and by using different
sidebands: 7 MeV=c2 < j�MDs1�2536�� j< 10 MeV=c2

plus 17 MeV=c2 < j�MDs1�2536�� j< 21 MeV=c2 (instead

TABLE III. Systematic uncertainties for R�, 	, and �00.

Source R� 	 �00

Angular resolution 0.05 0.02 0.001
Modeling of P bck and efficiency 0.04 0.00 0.001
Different sidebands 0.03 0.02 0.002
MC statistics 0.07 0.04 0.003

Total 0.10 0.05 0.004
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of 10 MeV=c2 < j�MDs1�2536�� j< 17 MeV=c2). The er-
rors due to statistical fluctuation of the MC sample, which
is 15.4 times larger than data and has almost the same R�,
	, and �00, are calculated as

��������������
1=15:4

p
� 0:25 of the statis-

tical errors.
The ratio of D- and S-wave amplitudes is found to be

D=S � �0:63� 0:07� 0:02� 
 exp��i 
 �0:76� 0:03�
0:01��. The relative phase is close to �=4, �43:8� 1:7�
0:6��. One can see that, contrary to the HQET prediction,
the S-wave dominates. Its contribution to the total width is
1=�1� jD=Sj2� � �S=�total � 0:72� 0:05� 0:01.

The background-subtracted efficiency corrected and
normalized one-dimensional projections of
d3N=d�cos��d�d�cos�� distribution, together with the fit
results, are shown in Fig. 5. The �2 difference between the
points and the projected fit results corresponds to a
goodness-of-fit probability of about 60%. As mentioned
earlier, one-dimensional projections are not sensitive to the
phase 	. They are described instead by the following
formulas derived from Eq. (3):

 

dN
d cos�

�
3

4�1� 2R��
f�1� R�� � �R� � 1��00�

� cos2��R� � 1��1� 3�00�g; (6)

 

dN
d�
�

1

��1� 2R��
f1� 3R��1� �00��

� 2R��3�00 � 1�cos2�g; (7)

 

dN
d cos�

�
3

2�1� 2R��
fcos2�� R�sin2�g: (8)

In spite of the complexity of Eq. (3), it depends only
quadratically on

�������
R�

p
and only linearly on cos	 and �00.

The efficiency entering the PDF in Eq. (4) is almost
constant in all three projections. When it is set to a constant
value in the fit, the results change by less than 1=3 of the
statistical error. The background fraction fb � 9% is

small. Therefore one does not expect any significant biases
of the fit results.

To quantify this statement, 1000 samples of events are
generated according to PDF Eq. (4). Each sample contains
the same number of events as observed in data. The pa-
rameters R�, 	, and �00 are set to the values determined
from data. A three-dimensional fit is performed for each
sample; it is verified that the fit results are not systemati-
cally biased and the errors are estimated correctly. The
value of the overall likelihood function is measured to be
worse than the one observed in data in 33% of cases.

As a final check, the fit to data is repeated in different
bins of the mass recoiling against the Ds1�2536��, defined

as
��������������������������������������������������������
�2E�beam � E

�
D�s1
�2 � �p�D�s1

�2
q

, where all quantities are

measured in the e�e� center-of-mass frame. The parame-
ters R� and 	 are found to be independent of Ds1�2536��

momentum or recoil mass within statistical errors. The
recoil mass spectrum is shown in the top half of Fig. 6.
The resolution is about 70 MeV=c2 at 2 GeV=c2 and is
approximately inversely proportional to the recoil mass.
There is an indication of two-body contributions from
e�e� ! Ds1�2536��X where X � D�s , D��s , and higher
D���s resonances. This agrees with the Ds1�2536�� polar-
ization spectrum, shown in the bottom half of Fig. 6, which
also exhibits some structure at low recoil masses. This
spectrum is obtained when R� and 	 are fixed to their
values determined from the overall fit. At D�s mass, as one
expects, the longitudinal polarization is low. It then rises
rapidly at the D��s mass and eventually reaches a plateau at
�00 	 0:5.
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V. CONCLUSIONS

In conclusion, a new decay channel Ds1�2536�� !
D���K� is observed. The D��� pair is the only D�
combination that cannot come from a D� resonance. It can
be produced only through the virtual D�0, broad
D�0�2400�0, or D�2�2460�0 resonances. In addition, the
D���K� final state can be formed by two-body decays
to a D� and a virtual K�0 or higher K� resonance. No clear
resonant substructure is found in the D���K� system.
The ratio of branching fractions B�Ds1�2536�� !
D���K��=B�Ds1�2536�� ! D��K0� is measured to be
�3:27� 0:18� 0:37�%.

An angular analysis of the decay Ds1�2536�� ! D��K0
S

is also performed. Since the c-quark is not infinitely heavy,
HQET is violated and the Ds1�2536�� can contain an
admixture of another JP � 1� state with j � 1=2 and
can decay in an S-wave. The energy release in this reaction
is small. Therefore theD-wave is suppressed by the barrier
factor �q=q0�

5, where q is the relative momentum of
Ds1�2536�� decay products in the Ds1�2536�� rest frame,
and q0 is a momentum scale characteristic of the decay.
The S-wave contribution to the total width is proportional
to q=q0 and can be sizeable even if the mixing is small.
Using an unbinned maximum likelihood fit to the three
angles in the Ds1�2536�� ! D��K0

S, D�� ! D0�� decay
chain, we measure (up to a complex conjugation) the ratio
of S- and D-wave amplitudes: D=S � �0:63� 0:07�
0:02� 
 exp��i 
 �0:76� 0:03� 0:01��. The S-wave domi-
nates, and its contribution to the total width is �S=�total �
0:72� 0:05� 0:01. This result allows to calculate the
mixing angle in the theoretical models with a known value
of parameter q0 [8,12].

The spin of high momentum Ds1�2536�� mesons pro-
duced in e�e� annihilation prefers to align transversely to
the momentum. The probability that a Ds1�2536�� with
xP > 0:8 has zero helicity is found to be �00 � 0:490�

0:012� 0:004. Assuming the HQET relation �00 �
2
3 �

�1� w3=2� [13], this implies a value of the Falk-Peskin
parameter, w3=2 � 0:266� 0:018� 0:006, in this momen-
tum region. This value is close to the prediction of
Ref. [17],w3=2 	 0:254, obtained for the entire momentum
region, although the applicability of the perturbative QCD
fragmentation model for D���s mesons is questionable.

ACKNOWLEDGMENTS

We thank the KEKB group for the excellent operation of
the accelerator, the KEK cryogenics group for the efficient
operation of the solenoid, and the KEK computer group
and the National Institute of Informatics for valuable com-
puting and Super-SINET network support. We acknowl-
edge support from the Ministry of Education, Culture,
Sports, Science, and Technology of Japan and the Japan
Society for the Promotion of Science; the Australian
Research Council and the Australian Department of
Education, Science and Training; the National Science
Foundation of China and the Knowledge Innovation
Program of the Chinese Academy of Sciences under
Contract No. 10575109 and No. IHEP-U-503; the
Department of Science and Technology of India; the
BK21 program of the Ministry of Education of Korea,
the CHEP SRC program and Basic Research program
(Grant No. R01-2005-000-10089-0) of the Korea Science
and Engineering Foundation, and the Pure Basic Research
Group program of the Korea Research Foundation; the
Polish State Committee for Scientific Research; the
Ministry of Education and Science of the Russian
Federation and the Russian Federal Agency for Atomic
Energy; the Slovenian Research Agency; the Swiss
National Science Foundation; the National Science
Council and the Ministry of Education of Taiwan; and
the U.S. Department of Energy.

[1] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
90, 242001 (2003); D. Besson et al. (CLEO
Collaboration), Phys. Rev. D 68, 032002 (2003); A.
Drutskoy et al. (Belle Collaboration), Phys. Rev. Lett.
94, 061802 (2005).

[2] P. Krokovny et al. (Belle Collaboration), Phys. Rev. Lett.
91, 262002 (2003).

[3] Y. Mikami et al. (Belle Collaboration), Phys. Rev. Lett.
92, 012002 (2004).

[4] W.-M. Yao et al. (Particle Data Group), J. Phys. G 33, 1
(2006).

[5] See P. Colangelo, F. De Fazio, and R. Ferrandes, Mod.
Phys. Lett. A 19, 2083 (2004); E. S. Swanson, Phys. Rep.
429, 243 (2006), and references therein.

[6] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D 74,

032007 (2006).
[7] N. Isgur and M. Wise, Phys. Rev. Lett. 66, 1130 (1991);

M. Lu, M. Wise, and N. Isgur, Phys. Rev. D 45, 1553
(1992).

[8] S. Godfrey, Phys. Rev. D 72, 054029 (2005).
[9] P. Avery et al. (CLEO Collaboration), Phys. Lett. B 331,

236 (1994); 342, 453(E) (1995).
[10] T. Bergfeld et al. (CLEO Collaboration), Phys. Lett. B

340, 194 (1994).
[11] Y. Yamada et al., Phys. Rev. C 72, 065202 (2005).
[12] S. Godfrey and R. Kokoski, Phys. Rev. D 43, 1679 (1991);

N. Isgur, Phys. Rev. D 57, 4041 (1998); W. Lucha and F. F.
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