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Università di Bari, Dipartimento di Fisica and INFN, I-70126 Bari, Italy

3Institute of High Energy Physics, Beijing 100039, China
4University of Bergen, Institute of Physics, N-5007 Bergen, Norway

5
Lawrence Berkeley National Laboratory and University of California, Berkeley, California 94720, USA

6University of Birmingham, Birmingham B15 2TT, United Kingdom
7Ruhr Universität Bochum, Institut für Experimentalphysik 1, D-44780 Bochum, Germany

8University of Bristol, Bristol BS8 1TL, United Kingdom
9University of British Columbia, Vancouver, British Columbia, Canada V6T 1Z1

10Brunel University, Uxbridge, Middlesex UB8 3PH, United Kingdom
11Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia

12
University of California at Irvine, Irvine, California 92697, USA

13University of California at Los Angeles, Los Angeles, California 90024, USA
14University of California at Riverside, Riverside, California 92521, USA
15

University of California at San Diego, La Jolla, California 92093, USA
16University of California at Santa Barbara, Santa Barbara, California 93106, USA

17University of California at Santa Cruz, Institute for Particle Physics, Santa Cruz, California 95064, USA
18

California Institute of Technology, Pasadena, California 91125, USA
19University of Cincinnati, Cincinnati, Ohio 45221, USA
20University of Colorado, Boulder, Colorado 80309, USA

21Colorado State University, Fort Collins, Colorado 80523, USA
22Technische Universität Dresden, Institut für Kern- und Teilchenphysik, D-01062 Dresden, Germany

23Ecole Polytechnique, LLR, F-91128 Palaiseau, France

VOLUME 93, NUMBER 18
P H Y S I C A L R E V I E W L E T T E R S week ending

29 OCTOBER 2004

181801-2 181801-2



24University of Edinburgh, Edinburgh EH9 3JZ, United Kingdom
25
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46Università di Milano, Dipartimento di Fisica and INFN, I-20133 Milano, Italy

47University of Mississippi, University, Mississippi 38677, USA
48
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50Università di Napoli Federico II, Dipartimento di Scienze Fisiche and INFN, I-80126, Napoli, Italy
51NIKHEF, National Institute for Nuclear Physics and High Energy Physics, NL-1009 DB Amsterdam, The Netherlands

52University of Notre Dame, Notre Dame, Indiana 46556, USA
53The Ohio State University, Columbus, Ohio 43210, USA

54University of Oregon, Eugene, Oregon 97403, USA
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We report a study of D�
sJ�2317�� and DsJ�2460�� meson production in B decays. We observe the

decays B� ! D����
sJ D���0 and B0 ! D����

sJ D���� with the subsequent decays D�
sJ�2317�� ! D�

s �
0,

DsJ�2460�� ! D�
s �, and DsJ�2460�� ! D��

s �0. Based on a data sample of 122:1� 106 BB pairs
collected with the BABAR detector at the PEP-II B factory, we obtain branching fractions for these
modes, including the previously unseen decays B ! D����

sJ D�. In addition, we perform an angular
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analysis of DsJ�2460�� ! D�
s � decays to test the different DsJ�2460�� spin hypotheses.

DOI: 10.1103/PhysRevLett.93.181801 PACS numbers: 13.25.Hw, 14.40.Lb

The unexpected observation of a narrow D�
s �

0 reso-
nance with a mass of 2317 MeV=c2 was recently reported
by the BABAR Collaboration [1] and confirmed by the
CLEO experiment [2]. CLEO observed a second D��

s �0

resonance with a mass close to 2460 MeV=c2 [2], previ-
ously suggested [1] and later confirmed [3] by BABAR.
The Belle Collaboration confirmed both resonances and
found two additional decay modes for the higher-mass
state [4], D�

s � and D�
s �

���. These resonances are usu-
ally interpreted as P-wave c�s quark states [5–8], although
other interpretations [9–13] cannot be ruled out, and are
referred to in the following as D�

sJ�2317�� and
DsJ�2460�� mesons.

The new states were first observed in e�e� ! c �c col-

lisions. Their observation in exclusive B ! D����
sJ D��� de-

cays allows additional properties of the D����
sJ states to be

studied: the DsJ�2460�� ! D�
s � helicity angle distribu-

tion in B decays can be used to obtain information on the
DsJ�2460�� spin J [14], and the measurement of the
different branching fractions can help clarify the nature
of these states.

In this Letter we consider the D����
sJ production modes

B� ! D����
sJ D���0 and B0 ! D����

sJ D���� with the subse-
quent decays D�

sJ�2317�� ! D�
s �

0, DsJ�2460�� !
D��

s �0, and DsJ�2460�� ! D�
s �. Our intention is to ob-

serve previously unseen decay chains, measure branching
fractions for all channels, and determine the DsJ�2460��
spin by means of an angular analysis. Charge-conjugate
reactions are assumed throughout this Letter.

The measurements reported here use 113 fb�1 of data,
corresponding to �122:1	 1:3� � 106 BB pairs, collected
at the ��4S� resonance with the BABAR detector [15] at
the PEP-II asymmetric-energy B factory.

We reconstruct D and D�
s mesons in the modes D0 !

K���, K����0, K�������; D� ! K�����; and
D�

s ! ��� (� ! K�K�), K�0K� (K�0 ! K���). The
reconstructed mass of the D and D�

s candidates is re-
quired to be within 2:5� (3� for K���, K�����, and
���) of the nominal D masses, where the D mass reso-
lution �, found in the data, is close to 12 MeV=c2 for
D ! K����0 decays and varies from 5.3 to 6:3 MeV=c2

for the other decay modes.
The D� candidates are reconstructed in the decay

modes D�� ! D0��, D�0 ! D0�0, D0�, and D��
s !

D�
s �. The mass difference �m between the D� and D

candidates is required to be within 2 MeV=c2 of its
nominal value [16] for D�� ! D0�� and D�0 ! D0�0

(10 MeV=c2 for D�0 ! D0� and D��
s ! D�

s �), cor-
responding to about 5��m for D�� and 2��m for D�0

and D��
s .

The selected pairs of D����
s and D��� candidates are

combined with a photon or a �0 to form B candidates.

The photon energy is required to be greater than 100 MeV.
The neutral pions are built from pairs of photons with
energies above 30 MeVand an invariant mass between 115
and 150 MeV=c2. A mass-constrained kinematic fit is
applied to all the intermediate particles. In order to sup-

press combinatorial background, we require the D����0=�
invariant mass to be greater than 2.3 and 2:4 GeV=c2 for
D and D� final states, respectively. Events compatible

with being two-body decays B ! D����
s D��� are rejected.

We define a B signal region in terms of the beam energy

substituted mass, mES 

���������������������

s=4� p�2
B

q

, and the difference

between the reconstructed energy of the B candidate and
the beam energy, �E 
 E�

B � ���

s
p

=2, where
���

s
p

is the total
energy in the ��4S�center-of-mass frame and E�

B (p�
B) is

the energy (momentum) of the B candidate in the same
frame. We require 5:272<mES < 5:288 GeV=c2 and
j�Ej< 32�40� MeV for �0 (�) final states. The width of
the signal box is approximately 	3� in mES and 	2� in

�E. We also define in the D����
s �0=� mass spectra a

signal region jm�D����
s �0=�� �m�D����

sJ �j< 2:5� and a

sideband region from 4� to 12� away from the nominal

value, with m�D����
sJ � 
 2:317 GeV=c2 (2:460 GeV=c2)

for D�
s �

0 (D��
s �0; D�

s �). The resolution � 
 8 MeV=c2

(12 MeV=c2) for �0 (�) final states is obtained from
simulated signal events.

The �E, mES, and D����
s �0 or D�

s � mass spectra of the
selected events are shown in Fig. 1 for each of the three

D����
sJ final states after combining the charged and neutral

B ! D����
sJ D��� modes and summing over all the D��� and

D����
s decays. Data points in each plot show the distribu-

tion of one variable in the signal regions of the other two.
We also show (cross-hatched histograms) the �E and mES

spectra of events in the D����
sJ sidebands.

Only one B signal candidate per event, based on the

smallest j�Ej, is entered in the D����
s �0 and D�

s � mass

spectra and kept for further analysis. The D����
sJ yields,

masses, and resolutions, obtained from fitting a Gaussian
signal function and an exponential background to these
spectra, are given in Table I. The measured resolutions are
compatible with expectations from the simulation, as-

suming zero intrinsic width for D����
sJ . We have also con-

firmed that the yields obtained from fits to the mES and
�E spectra are in good agreement with the yields fitted

from the D����
sJ mass spectra.

The branching fraction measurement is based on the
individual D�

s �
0, D��

s �0, and D�
s � mass spectra for each

of the 12 D����
s D����0=� final states. As shown in Fig. 2,

signals for B ! D����
sJ D��� are observed in all channels.

The results of likelihood fits to these distributions, using
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a Gaussian signal and an exponential background func-
tion, are overlaid. In these fits, the Gaussian mean value
is fixed to 2317 �2460� MeV=c2 for D�

sJ�2317��
�DsJ�2460���. Its width is fixed to 8 �12� MeV=c2 for
�0 (�) final states, as obtained from the simulation and

confirmed with the data (Table I). The D����
sJ event yields

and the statistical significances are listed in Table II. The

significance is defined as
�����������������������������������

�2 ln�L0=Lmax�
p

, where Lmax

and L0 are the likelihood values with the nominal and
with zero signal yield, respectively. A significance larger
than 4 is observed for 10 of the 12 modes.

From the D����
sJ event yields in the data, we compute

cross-feed-corrected branching fractions, using the sig-
nal efficiency and the relative contributions from cross

feed between the different D����
sJ decay modes as obtained

from simulated signal events. The resulting branching
fractions are given in Table II, together with the efficien-
cies, including the intermediate branching fractions, and
the internal cross-feed contributions.

The dominant systematic errors come from the track-
ing efficiency (1.3% per track), � and �0 efficiencies
(2.5% per �), the �m requirement on the D��

s and D�0

selections ( � 5% per D�), efficiency of the �E require-

ment ( � 6%), D����
sJ mass resolutions assumed in the fits

(5% to 10%), and background fitting model (5%). We
assume equal production rates for B�B� and B0B0 pairs
and do not include a systematic error related to this

assumption. The errors from the individual D��� and D���
s

branching fractions, as taken from [16], are given sepa-
rately (Table II). They are dominated by the 25% relative
error on B�D�

s ! ����.
From the measured branching fractions for B !

D�
sJ�2460�D��� in the D��

s �0 and in the D�
s � final states,

we compute the ratio

B�DsJ�2460�� ! D�
s ��

B�DsJ�2460�� ! D��
s �0� 
 0:274	 0:045	 0:020;

where the first and second uncertainties are statistical and

TABLE I. Event yields, reconstructed D����
sJ masses, and resolutions in each final state for B ! D����

sJ D��� decays.

Decay mode Yield m�D����
sJ � (MeV=c2) �m (MeV=c2)

D�
sJ�2317��D��� �D�

s �
0� 88	 17 2317:2	 1:3 5:9	 1:4

DsJ�2460��D��� �D��
s �0� 112	 14 2458:9	 1:5 10:8	 1:3

DsJ�2460��D��� �D�
s �� 139	 17 2461:1	 1:6 12:1	 1:6
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FIG. 1 (color online). �E (top left),

mES (top right), and m�D����
sJ � (bottom)

spectra for the B ! D����
sJ D��� can-

didates: (a) D�
sJ�2317�� ! D�

s �
0,

(b) DsJ�2460�� ! D��
s �0, and

(c) DsJ�2460�� ! D�
s �. Data points in

each plot show the distribution of one

variable in the signal regions of the

other two, as defined in the text. For

�E and mES, the cross-hatched histo-

grams are from events from the

m�D����
sJ � sideband regions defined in

the text. For the m�D����
sJ � plots, only

one B signal candidate per event has

been selected. Curves correspond to fit

results.
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systematic, respectively. This is compatible with the pre-

diction from [6].

We perform a helicity analysis of the DsJ�2460�� state,

using the decays B� ! DsJ�2460��D0 and B0 !
DsJ�2460��D�, with DsJ�2460�� ! D�

s �. The helicity

angle �h is defined as the angle between the D����
sJ mo-

mentum in the B-meson rest frame and the Ds momen-

tum in the D����
sJ rest frame. Since the D� mass is cor-

related with the helicity angle, the selection require-

ment m�D��> 2:3 GeV=c2 is omitted for the angular

analysis. We perform m�Ds�� fits for five different

cos��h� regions, using the same fit functions and parame-

TABLE II. Event yields (including internal cross-feed contributions), number of events attributed to internal cross feed,

efficiencies (including intermediate branching fractions), and final branching fractions, B, for B ! D����
sJ D��� decays. The first

error on B is statistical, the second is systematic, and the third is from the D and D�
s branching fractions.

B mode Yield Cross feed Efficiency �10�4� B�10�3� Significance

B0 ! D�
sJ�2317��D� [D�

s �
0] 34:7	 8:0 0.3 1.6 1:8	 0:4	 0:3�0:6

�0:4 5.5

B0 ! D�
sJ�2317��D�� [D�

s �
0] 23:5	 6:1 0.0 1.3 1:5	 0:4	 0:2�0:5

�0:3 5.2

B� ! D�
sJ�2317��D0 [D�

s �
0] 32:7	 10:8 0.3 2.6 1:0	 0:3	 0:1�0:4

�0:2 3.1

B� ! D�
sJ�2317��D�0 [D�

s �
0] 17:6	 6:8 7.2 1.0 0:9	 0:6	 0:2�0:3

�0:2 2.5

B0 ! DsJ�2460��D� [D��
s �0] 17:4	 5:1 0.1 0.5 2:8	 0:8	 0:5�1:0

�0:6 4.2

B0 ! DsJ�2460��D�� [D��
s �0] 26:5	 5:7 0.0 0.4 5:5	 1:2	 1:0�1:9

�1:2 7.4

B� ! DsJ�2460��D0 [D��
s �0] 29:0	 6:8 2.2 0.8 2:7	 0:7	 0:5�0:9

�0:6 5.1

B� ! DsJ�2460��D�0 [D��
s �0] 30:5	 6:4 2.5 0.3 7:6	 1:7	 1:8�2:6

�1:6 7.7

B0 ! DsJ�2460��D� [D�
s �] 24:8	 6:5 0.5 2.6 0:8	 0:2	 0:1�0:3

�0:2 5.0

B0 ! DsJ�2460��D�� [D�
s �] 53:0	 7:8 0.1 1.9 2:3	 0:3	 0:3�0:8

�0:5 11.7

B� ! DsJ�2460��D0 [D�
s �] 31:9	 9:0 1.4 4.1 0:6	 0:2	 0:1�0:2

�0:1 4.3

B� ! DsJ�2460��D�0 [D�
s �] 34:6	 7:6 6.5 1.7 1:4	 0:4	 0:3�0:5

�0:3 6.0
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FIG. 2 (color online). D�
s �

0 (top left),

D��
s �0 (top right), and D�

s � (bottom)

mass spectra of the selected B signal

candidates for the 12 D���D����
sJ final

states. Curves are the results of the fits

described in the text.
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ter values as in the corresponding branching fraction

measurements.

The resulting angular distribution, after applying cor-

rections for detector acceptance and selection efficiency,

is shown in Fig. 3. The predicted spectra for two different

assumptions for the DsJ�2460�� spin, which have been

normalized to the data, are overlaid.We exclude the J 
 2

hypothesis (�2=d:o:f: 
 36:4=4) and find good agreement

with J 
 1 (�2=d:o:f: 
 4:0=4). A DsJ�2460�� spin J 
 0

is ruled out by parity and angular momentum conserva-

tion in the decay DsJ�2460�� ! D�
s �.

In summary, we have observed and measured the

branching fractions for the decays B ! D�
sJ�2317��D���

(D�
sJ�2317�� ! D�

s �
0) and B ! DsJ�2460��D���

(DsJ�2460�� ! D��
s �0, D�

s �). The modes involving a

D� have been seen for the first time. The angular analysis

of the decay B ! DsJ�2460��D with DsJ�2460�� !
D�

s � excludes JP 
 2� and supports the hypothesis that

the DsJ�2460�� is a JP 
 1� state.
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