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L. Santi,54 S. Sarkar,51 L. Sartori,46 K. Sato,55 P. Savard,33 A. Savoy-Navarro,44 T. Scheidle,25 P. Schlabach,16

E. E. Schmidt,16 M. P. Schmidt,60 M. Schmitt,38 T. Schwarz,34 L. Scodellaro,11 A. L. Scott,10 A. Scribano,46 F. Scuri,46

A. Sedov,48 S. Seidel,37 Y. Seiya,41 A. Semenov,14 L. Sexton-Kennedy,16 I. Sfiligoi,18 M. D. Shapiro,28 T. Shears,29

P. F. Shepard,47 D. Sherman,21 M. Shimojima,55 M. Shochet,13 Y. Shon,59 I. Shreyber,36 A. Sidoti,44 P. Sinervo,33

A. Sisakyan,14 J. Sjolin,42 A. Skiba,25 A. J. Slaughter,16 K. Sliwa,56 J. R. Smith,7 F. D. Snider,16 R. Snihur,33

M. Soderberg,34 A. Soha,7 S. Somalwar,52 V. Sorin,35 J. Spalding,16 M. Spezziga,16 F. Spinella,46 T. Spreitzer,33

P. Squillacioti,46 M. Stanitzki,60 A. Staveris-Polykalas,46 R. St. Denis,20 B. Stelzer,8 O. Stelzer-Chilton,42 D. Stentz,38

J. Strologas,37 D. Stuart,10 J. S. Suh,27 A. Sukhanov,17 K. Sumorok,32 H. Sun,56 T. Suzuki,55 A. Taffard,23 R. Takashima,40

Y. Takeuchi,55 K. Takikawa,55 M. Tanaka,2 R. Tanaka,40 N. Tanimoto,40 M. Tecchio,34 P. K. Teng,1 K. Terashi,50

S. Tether,32 J. Thom,16 A. S. Thompson,20 E. Thomson,45 P. Tipton,49 V. Tiwari,12 S. Tkaczyk,16 D. Toback,53 S. Tokar,14

K. Tollefson,35 T. Tomura,55 D. Tonelli,46 M. Tönnesmann,35 S. Torre,18 D. Torretta,16 S. Tourneur,44 W. Trischuk,33

R. Tsuchiya,57 S. Tsuno,40 N. Turini,46 F. Ukegawa,55 T. Unverhau,20 S. Uozumi,55 D. Usynin,45 A. Vaiciulis,49

S. Vallecorsa,19 A. Varganov,34 E. Vataga,37 G. Velev,16 G. Veramendi,23 V. Veszpremi,48 R. Vidal,16 I. Vila,11 R. Vilar,11

T. Vine,30 I. Vollrath,33 I. Volobouev,28 G. Volpi,46 F. Würthwein,9 P. Wagner,53 R. G. Wagner,2 R. L. Wagner,16

W. Wagner,25 R. Wallny,8 T. Walter,25 Z. Wan,52 S. M. Wang,1 A. Warburton,33 S. Waschke,20 D. Waters,30

W. C. Wester III,16 B. Whitehouse,56 D. Whiteson,45 A. B. Wicklund,2 E. Wicklund,16 G. Williams,33 H. H. Williams,45

P. Wilson,16 B. L. Winer,39 P. Wittich,16 S. Wolbers,16 C. Wolfe,13 T. Wright,34 X. Wu,19 S. M. Wynne,29 A. Yagil,16

K. Yamamoto,41 J. Yamaoka,52 T. Yamashita,40 C. Yang,60 U. K. Yang,13 Y. C. Yang,27 W. M. Yao,28 G. P. Yeh,16 J. Yoh,16

K. Yorita,13 T. Yoshida,41 G. B. Yu,49 I. Yu,27 S. S. Yu,16 J. C. Yun,16 L. Zanello,51 A. Zanetti,54 I. Zaw,21 F. Zetti,46

X. Zhang,23 J. Zhou,52 and S. Zucchelli5

(CDF Collaboration)

1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China
2Argonne National Laboratory, Argonne, Illinois 60439, USA

3Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
4Baylor University, Waco, Texas 76798, USA

5Istituto Nazionale di Fisica Nucleare, University of Bologna, I-40127 Bologna, Italy
6Brandeis University, Waltham, Massachusetts 02254, USA

7University of California, Davis, Davis, California 95616, USA
8University of California, Los Angeles, Los Angeles, California 90024, USA

9University of California, San Diego, La Jolla, California 92093, USA
10University of California, Santa Barbara, Santa Barbara, California 93106, USA

11Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
12Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA

13Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637, USA
14Joint Institute for Nuclear Research, RU-141980 Dubna, Russia

15Duke University, Durham, North Carolina 27708, USA
16Fermi National Accelerator Laboratory, Batavia, Illinois 60510, USA

17University of Florida, Gainesville, Florida 32611, USA
18Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy

19University of Geneva, CH-1211 Geneva 4, Switzerland
20Glasgow University, Glasgow G12 8QQ, United Kingdom

21Harvard University, Cambridge, Massachusetts 02138, USA
22Division of High Energy Physics, Department of Physics, University of Helsinki, FIN-00014, Helsinki, Finland

and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland

PRL 96, 231801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
16 JUNE 2006

231801-2



23University of Illinois, Urbana, Illinois 61801, USA
24The Johns Hopkins University, Baltimore, Maryland 21218, USA

25Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
26High Energy Accelerator Research Organization (KEK), Tsukuba, Ibaraki 305, Japan

27Center for High Energy Physics: Kyungpook National University, Taegu 702-701, Korea;
Seoul National University, Seoul 151-742, Korea;

and SungKyunKwan University, Suwon 440-746, Korea
28Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA

29University of Liverpool, Liverpool L69 7ZE, United Kingdom
30University College London, London WC1E 6BT, United Kingdom

31Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain
32Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
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We report the first observation of B0
s !  �2S�� decay in p �p collisions at

���

s
p
� 1:96 TeV using

360 pb�1 of data collected by the CDF II detector at the Fermilab Tevatron. We observe 20:2� 5:0 and
12:3� 4:1 B0

s !  �2S�� candidates, in  �2S� ! ���� and  �2S� ! J= ���� decay modes, respec-
tively. We present a measurement of the relative branching fraction B�B0

s !  �2S���=B�B0
s ! J= �� �

0:52� 0:13�stat� � 0:04�syst� � 0:06�BR� using the  �2S� ! ���� decay mode.

DOI: 10.1103/PhysRevLett.96.231801 PACS numbers: 13.25.Hw, 14.40.Nd

The decays of B mesons to charmonium final states
have been studied extensively in the past, and the measure-
ments [1–3] show that the ratio of the branching frac-
tions of B� and B0 decay to the  �2S� final states over
the J= final states are approximately 60% as shown in
Table I. The B�;0 ! J= K�;�0 [ �2S�K�;�0] and B0

s !
J= � [ �2S��] are color-suppressed Cabibbo-favored
decays that have the same tree-level decay topology as
shown in Fig. 1. The relative branching ratio between
B0
s !  �2S�� and B0

s ! J= � has not been measured.

Only one B0
s !  �2S�� candidate event has been reported,

at LEP in 1993 [5].
The B0

s ! J= � mode has recently been used to deter-
mine the decay widths for the heavy and light B0

s mass
eigenstates by measuring the relative contribution of the
CP-odd and CP-even components to the observed angular
distribution as a function of the decay time [6,7].
Observing the B0

s !  �2S�� would allow an independent
measurement of the decay widths for the heavy and light
B0
s mass eigenstates in the future. In particular, the spin
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alignment of B0
s !  �2S�� could be different from that of

B0
s ! J= �.
In this Letter, we report the observation of B0

s !
 �2S�� in both  �2S� ! ���� and  �2S� !
J= ���� decay modes produced in p �p collisions at
���

s
p
� 1:96 TeV. We also measure the ratio of branching

fractions for B0
s ! J= � and B0

s !  �2S��. Many sys-
tematic effects cancel in the measurement of the ratio,
including uncertainties in total integrated luminosity,
bottom-quark production and fragmentation, and trigger
and reconstruction efficiencies. In addition, for this ratio of
branching fractions measurement we use only the  �2S� !
���� decay mode in order to guarantee identical top-
ologies for the J= and  �2S� channels. Similar decay
modes, such as B� ! J= K� and B� !  �2S�K�, are
used as control samples to perform consistency checks, and
study the systematic uncertainties. Charge conjugate
modes are implied throughout this Letter. The data sample
is comprised of about 3� 106J= ! ����, 1�
105 �2S� ! ����, and 1:6� 104 �2S� ! J= ����

candidates. The total integrated luminosity is approxi-
mately 360 pb�1 and was collected using the Collider
Detector at Fermilab (CDF II) between February 2002
and July 2004.

The CDF II detector is described in detail elsewhere [8].
The main components for this analysis are tracking and
muon systems. The tracks are reconstructed by the silicon
microstrip detector [9,10], and the Central Outer Tracker
(COT) [11], which are immersed in a uniform axial 1.4 T
magnetic field provided by a superconducting solenoid.
Planar drift chambers [12] located outside the calorimeter
are used to identify muons in the central region (j�j< 1:0,
where � is the pseudorapidity). The events are selected
with a three-level trigger system. At Level 1, charged
particle trajectories in the plane transverse to the beam
direction are reconstructed from the COT hits using a
hardware processor [13]. The trigger requires tracks with
transverse momentum pT���> 1:5 GeV=c to be matched
to hits in the muon detector. At Level 2, opening angle and
opposite-charge cuts are imposed on the muon pairs. At
Level 3, the two muon tracks are required to be oppositely
charged with invariant mass between 2.7 and 4:0 GeV=c2.

We reconstruct B0
s ! J= � and B0

s !  �2S�� fol-
lowed by  �2S� ! ���� and  �2S� ! J= ����,
where J= ! ���� and �! K�K�. For the measure-
ment of the relative branching fraction between B0

s !
J= � and B0

s !  �2S��, it is desirable to have selection
criteria similar for both decay modes. All three B0

s decay
channels involve only the well-known J= ,  �2S� and �
decays, which have been used extensively in other mea-
surements at CDF, and their selection criteria are well
established. In this analysis, we follow the selection re-
quirements developed in the b hadron mass measurements
[14] and apply them to the three B0

s decay modes of
interest.

The reconstruction begins by selecting J= ! ����

or  �2S� ! ���� candidates, with pairs of oppositely
charged tracks that satisfy the muon pair trigger require-
ments. The reconstructed ���� invariant mass is required
to be within 80 MeV=c2 of the J= or  �2S�mass [4]. The
 �2S� ! J= ���� is reconstructed by associating a
J= ! ���� candidate (with its mass constrained to
the J= mass) with a pair of tracks, each with pT >
0:4 GeV=c. The invariant mass of J= ���� is required
to be within 20 MeV=c2 of the world average  �2S� mass
[4]. Once a J= or  �2S� candidate is selected, we search
for a �! K�K� candidate with a pair of additional
tracks. The invariant mass of K�K� is required to be
within 10 MeV=c2 of the � mass [4]. The pT of the �
candidate is required to be greater than 2:0 GeV=c. The B0

s

meson candidates are then reconstructed by associating a
J= or  �2S� candidate with a � candidate. All tracks [4
tracks in B0

s ! J= � or B0
s !  �2S�� followed by

 �2S� ! ���� and 6 tracks in B0
s !  �2S�� followed

by  �2S� ! J= ����] are required to be consistent with
having originated from a common vertex satisfying vertex
quality requirements. Prompt background, with tracks
coming directly from the primary vertex, can be reduced
by exploiting variables sensitive to the long lifetime of the
B0
s meson. To reduce prompt background, the transverse

decay length (Lxy) of the B0
s is required to exceed 100 �m,

where Lxy is defined as the transverse vector from the beam
axis to the B0

s decay vertex projected onto the transverse
momentum of the B0

s candidate. To ensure a well measured
B meson decay vertex, each track is required to have a
measurement in at least three axial layers of the silicon
detector. The transverse momentum of the B0

s candidates is

b

u, d, s

c

c

s

+W

u, d, s

s
0, Bd

0, Bu
+B

(2s)ψ, ψJ/

φ, *0, K+K

FIG. 1. Tree-level Feynman diagram of B mesons decaying to
charmonium final states.

TABLE I. The current relative branching ratio of B meson
decays to charmonium final states.

Decay channel Value Reference

B�B� !  �2S�K��
B�B� ! J= K��

0:64� 0:06� 0:07 BABAR [1]

B�B0 !  �2S�K�0�

B�B0 ! J= K�0�
0:61� 0:10 PDG [4]

B�B0 !  �2S�K0�

B�B0 ! J= K0�
0:82� 0:13� 0:12 PDG [4]
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required to be greater than 6:5 GeV=c to further reduce
combinatoric background. To improve the B meson mass
resolution, the ���� mass is constrained to the J= or
 �2S� mass, while the J= ���� mass is constrained to
the  �2S� mass.

Two sources of background are expected in the B0
s signal

region: combinatoric background and kinematic ‘‘reflec-
tion’’ of B0 ! J= K�0 (for B0

s ! J= �) or B0 !
 �2S�K�0 [for B0

s !  �2S��], where the pion from the
K�0 decay is misassigned as a kaon. The combinatoric
background is modeled by a first order polynomial. The
B0 ! J= K�0 [B0 !  �2S�K�0] reflection background re-
sults in a broad distribution near and above the B0

s signal
region. The fraction of B0 ! J= K�0 [B0 !  �2S�K�0]
events that fall into the B0

s ! J= � [B0
s !  �2S��] signal

region is estimated using a Monte Carlo simulation. The
background contribution from reflection in our data sample
is then calculated by multiplying the fraction determined
from Monte Carlo simulation by the number of the B0 !
J= K�0 and B0 !  �2S�K�0 candidates in the same data.
The contribution of the B0 ! J= K�0 reflection in the
B0
s ! J= � signal region is estimated to be 6:6� 0:3

events. The contribution of the B0 !  �2S�K�0 reflection
in the B0

s !  �2S�� signal region is estimated to be
0:34� 0:05 and 0:19� 0:03 events for  �2S� ! ����

and  �2S� ! J= ���� modes, respectively. The B0 !
J= K�0 [B0 !  �2S�K�0] reflection background is highly
suppressed because only a small fraction of the misidenti-
fied K�0 ! K��� can satisfy the �! K�K� mass
requirement.

An unbinned log-likelihood fit is used to extract signal
yields from the reconstructed mass spectra, as shown in

Fig. 2. The signal distribution is modeled as a Gaussian,
and the background distribution is modeled as a first order
polynomial. The background component from misidenti-
fied K�0 decays is also included, with a shape obtained
from the Monte Carlo simulation. The width for each of
the two B0

s !  �2S�� modes is fixed in the following
way. We take the ratio of the widths for B0

s !  �2S��
relative to B0

s ! J= � as a scale factor determined from
Monte Carlo simulation, and we then calculate the width
for B0

s !  �2S��, using the width of B0
s ! J= � from

data. A comparison of the Monte Carlo calculation and
data for the control samples of B� ! J= K� and B� !
 �2S�K� shows that the relative ratio of the widths of the
two modes can be well predicted by Monte Carlo simula-
tion. The signal yields, fitted masses, and mass resolution
of the three decay channels are summarized in Table II. A
consistency check (Monte Carlo calculation independent)
is performed by fitting the �! K�K� invariant mass
spectra for events in the Bs signal region after sideband
subtraction. The �! K�K� signal yield obtained this
way in data is consistent with that from fitting the Bs
mass spectra, indicating that the B0 reflection background
from B0 ! J= K�0 [B0 !  �2S�K�0] or other decay
modes is indeed negligible.

The background contribution in the signal region (de-
fined as a window 6 times the expected mass resolution, as
shown in Table II, around the mean value of the Bs signal
peak) for B0

s !  �2S��, followed by  �2S� ! ���� and
 �2S� ! J= ���� decays, is estimated to be 10:0� 3:2
and 6:5� 2:6 events, respectively. The probability of a
statistical fluctuation of the expected total background in
the signal region to the observed or higher number of
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FIG. 2 (color online). Invariant mass
distributions for B0

s ! J= � (bottom),
and for B0

s !  �2S��, followed by
 �2S� ! ���� (upper left), or
 �2S� ! J= ���� (upper right). The
curves are the results of the fits described
in the text.
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events is 2:5� 10�7 for B0
s !  �2S�� with  �2S� !

���� and 1:6� 10�5 for  �2S� ! J= ����. These
correspond to 5:0� and 4:2� one-sided Gaussian signifi-
cance for the two decay modes, respectively. The com-
bined probability of the two modes is 1:1� 10�10,
corresponding to a 6:4� significance for the observation
of B0

s !  �2S��.
We measure the relative branching fraction between

B0
s ! J= � and B0

s !  �2S�� using only the J= !
���� decay mode, and the control sample data [B� !
J= K� and B� !  �2S�K�] are used to study the system-
atic uncertainties. The relative branching ratio for the
���� mode is extracted using the formula:

B�B0
s !  �2S���

B�B0
s ! J= ��

�
N �2S��
NJ= �

B�J= ! �����
B� �2S� ! �����

�
�J= �
� �2S��

; (1)

where �J= �=� �2S�� � 0:925� 0:006 is the ratio of the
combined trigger and selection efficiencies derived from
Monte Carlo simulation (with the error due to the size of
the simulated samples), and NJ= � or N �2S�� is the total
number of reconstructed B0

s mesons for each mode. The
B�J= ! ����� and B� �2S� ! ����� are the world
average branching fractions [4].

In our analysis, we use a Monte Carlo simulation to
determine the relative efficiency for the two decay modes,
and the control sample data are used to study the system-
atic uncertainties. The simulation of the CDF II detector is
based on a GEANT description [15]. Transverse momentum
and rapidity distributions of single b quarks are generated
based on next-to-leading-order (NLO) pertubative QCD
[16]. The B0

s meson spectrum used in the Monte Carlo
simulation is consistent with the data from inclusive B!
J= X [8]. The EVTGEN program [17] is used to decay B
mesons into the final states of interest.

Since both modes are B0
s decays, and the decay top-

ologies are very similar, most systematic uncertainties
cancel in the ratio. Systematic uncertainties originate
from fitting the invariant mass distributions to obtain signal
yields, from determination of the relative efficiencies, and
from the measured branching fractions of J= and  �2S�
decays taken from Ref. [4]. Consistency checks are per-
formed on the fitting method by varying the range and
using different functions, and no statistically significant

variation is found. Systematic uncertainty from the fitting
method is evaluated by dropping the fixed width constraint.

Systematic uncertainties on the ratio of efficiencies are
due to the differences in the kinematics of the two decay
modes. For example, due to the mass difference between
 �2S� and J= , the pT��� distributions are somewhat
different between the two decay modes. To take into ac-
count the difference in pT��� distributions, the single
muon efficiency measured from data [18] is used to re-
weight the Monte Carlo samples, and the relative effi-
ciency (central value and error) is recalculated. We vary
the measured muon efficiency, and find that the systematic
uncertainty due to the difference in pT��� distributions is
negligible. The main systematic uncertainty due to decay
kinematics difference comes from lack of knowledge of the
angular correlation in the B0

s !  �2S�� decay. The central
value of the relative efficiency is determined by assuming
that the angular correlation of the B0

s !  �2S�� decay is
the same as that of the B0

s ! J= �. To evaluate the effects
on our measurement, we generate Monte Carlo samples
with pure CP-even and CP-odd decays for B0

s !  �2S��
and recalculate the relative efficiency. We take the differ-
ence between CP-even andCP-odd cases as the systematic
uncertainty, which turns out to be the major component
(5.5%). The systematic uncertainty from the fitting con-
tributes at the 3.9% level. The total systematic uncertainty
is 6.7%.

The contribution from the branching fractions is calcu-
lated by propagating the world average uncertainties. The
dominant contribution is due to the measured branching
ratio B� �2S� ! ����� � �0:73� 0:08�% [4].

Using Eq. (1), we derive the ratio of relative branching
fractions:

B�B0
s !  �2S���

B�B0
s ! J= ��

� 0:52� 0:13�stat� � 0:04�syst�

� 0:06�BR� (2)

where the first error is statistical, the second is systematic,
and the third is due to the branching ratios of J= !
���� and  �2S� ! ����.

In summary, we present the first observation of B0
s !

 �2S�� decay, in both  �2S� ! ���� and  �2S� !
J= ���� modes in p �p collisions at

���

s
p
� 1:96 TeV us-

ing the CDF II detector. We also present the measurement
of the ratio of branching fractions between B0

s !  �2S��
and B0

s ! J= � using the  �2S� ! ���� decay mode.

TABLE II. The numbers of observed signal events, the fitted masses, and the signal width (Gaussian sigma, or mass resolution) for
each of the three B0

s decay channels.

Decay Mean 	MeV=c2
 Width 	MeV=c2
 Yield

B0
s ! J= � 5366:76� 0:66 9:42� 0:58 292:2� 15:9
B0
s !  �2S��;  �2S� ! ���� 5366:50� 1:86 6.63 (fixed) 20:2� 5:0
B0
s !  �2S��;  �2S� ! J= ���� 5366:63� 3:20 7.77 (fixed) 12:3� 4:1
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This result for B0
s is consistent with the ratios of branching

fractions for the corresponding decays of B� and B0 [4],
indicating that the relative branching ratio of B meson
decays between  �2S� and J= final states is independent
of the flavor of the lighter quark.
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