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We report an observation of the decay B0
s ! D�s �

� in p �p collisions at
���
s
p
� 1:96 TeV using 115 pb�1

of data collected by the CDF II detector at the Fermilab Tevatron. We observe 83� 11�stat� B0
s ! D�s �

�

candidates, representing a large increase in statistics over previous measurements and the first observation
of this decay at a p �p collider. We present the first measurement of the relative branching fraction B�B0

s !
D�s �

��=B�B0 ! D���� � 1:32� 0:18�stat� � 0:38�syst�. We also measure B�B� ! �D0���=B�B0 !
D���� � 1:97� 0:10�stat� � 0:21�syst�, which is consistent with previous measurements.

DOI: 10.1103/PhysRevLett.96.191801 PACS numbers: 13.25.Hw, 14.40.Nd
B0
s- �B0

s oscillation is expected to occur in the standard
model of particle physics. Measurement of the oscillation
frequency, when combined with that for B0- �B0 oscillation,
tests the unitarity of the Cabibbo-Kobayashi-Maskawa
(CKM) quark mixing matrix. A deviation from unitarity
could arise from a variety of new physics effects [1]. B0

s
meson oscillations have yet to be directly observed, with a
lower limit (95% C.L.) on the oscillation frequency cur-
19180
rently at 14:5 ps�1 [2]. For comparison, the average B
meson lifetime is of the order of 1 ps, and the B0 oscillation
frequency is 0:5 ps�1. This lower limit implies that excel-
lent proper time resolution is required to observe the
oscillation. In semileptonic B0

s decays, the proper time
measurement is degraded due to the undetected neutrino.
Fully reconstructed hadronic B0

s decays such as B0
s !

D�s �� do not suffer from this problem [3]. Obtaining a
1-3

http://dx.doi.org/10.1103/PhysRevLett.96.191801


PRL 96, 191801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
19 MAY 2006
large sample of such decays is an important first step
toward measuring B0

s mixing.
In addition, the measurement of the branching ratio of

B0
s ! D�s �� decay along with that of B0 ! D��� and
B� ! �D0�� can be used to study B meson decay mecha-
nisms. As shown in Fig. 1, B0

s ! D�s �� decay proceeds
only at tree level while the B0 and B� modes have addi-
tional, nontree, contributions. Therefore, measurements of
ratios of branching fractions of these decays can, in prin-
ciple, isolate contributions from the different decay dia-
grams [4].

To date, a few B0
s ! D�s �

� events have been observed
[5,6] in e�e� collisions at LEP. B factories, while running
at the ��4S� resonance, do not produce B0

s mesons.
However, large samples of B0

s are produced at the
Tevatron. The ability to trigger on displaced vertices allows
the upgraded collider detector at Fermilab (CDF II) to
collect large samples of fully reconstructed B0

s decay
modes.

In this Letter, we present an observation of B0
s ! D�s ��

decays and a measurement of the ratios of branching
fractions of B0

s ! D�s �� and B� ! �D0�� relative to the
branching fraction of B0 ! D��� decays. We use a sam-
ple of fully reconstructed B! D� decays corresponding
to 115 pb�1 of p �p collisions at

���
s
p
� 1:96 TeV collected

by the CDF II detector at the Fermilab Tevatron between
February 2002 and January 2003. Charge conjugate modes
are implied throughout this Letter.

The components of the CDF II detector relevant to this
analysis are described briefly below; a more complete
description can be found elsewhere [7]. We use tracks
reconstructed by both the central outer tracker (COT) and
the silicon microstrip detector (SVX II) in the range j�j �
1 [8], where � is the pseudorapidity defined as � �
� lntan��=2� and � is the polar angle with respect to the
proton beam direction. The SVX II detector consists of
double-sided silicon strip sensors arranged in five cylindri-
cal shells with radii between 2.5 and 10.6 cm [9].
Surrounding the SVX II is the COT [10], an open-cell drift
chamber that has an inner (outer) radius of 40 (137) cm.
The COT has 96 layers, organized in 8 superlayers with
alternating superlayers of axial and �2� stereo readout.
The B decays used in this analysis are selected with a three-
level trigger system. At Level 1, charged tracks are recon-
structed in the COT axial superlayers by a hardware pro-
cessor, the eXtremely fast tracker (XFT) [11]. This trigger
FIG. 1. Different Feynman diagrams which contribute to B!
D� decays.

19180
requires two oppositely charged tracks with transverse
momenta pT 	 2 GeV=c and scalar sum pT1 � pT2 	
5:5 GeV=c. At Level 2, the silicon vertex trigger (SVT)
[12] associates SVX II r� ’ position measurements with
XFT tracks. This provides a precise measurement of the
track impact parameter, d0, which is defined as the projec-
tion of a track’s distance of closest approach to the beam
line onto the transverse plane. The resolution of the impact
parameter measurement is 50 �m, which includes ap-
proximately 30 �m contribution from the transverse
beam size. Hadronic decays of heavy flavor particles are
selected by requiring two tracks with 120 �m � d0 �
1000 �m. The two trigger tracks must have an opening
angle in the transverse plane satisfying 2� � j�’j � 90�

and must satisfy the requirement Lxy > 200 �m, where
Lxy is defined as the distance in the transverse plane from
the beam line to the two-track vertex projected onto the
two-track momentum vector. A complete event reconstruc-
tion is performed at Level 3, and the Level 1 and Level 2
requirements are confirmed. Since events satisfying the
displaced vertex trigger are dominated by the decays of
promptly produced charm, the largest background to B!
D� decays results from combining a promptDmeson with
an unrelated track from the event.

Reconstruction of B meson candidates begins by select-
ing D meson candidates. We reconstruct the following D
meson decay modes: �D0 ! K���, D� ! K����� and
D�s ! ��� followed by �! K�K�. We exploit the
narrow�! K�K� resonance in the D�s decays to greatly
suppress background by requiring 1010 MeV=c2 <
m�K�K��< 1028 MeV=c2. No particle identification is
used in this analysis. All particle hypotheses consistent
with the candidate decay structure are attempted. The track
combinations which comprise a D meson candidate are
required to originate from a common vertex. An additional
track with pT > 1:6 GeV=c and �R�D;�B�< 1:5 is added
and assigned a pion mass to reconstruct the B meson

candidate. We define �R �
��������������������������
��2 � �’2

p
, where �’

and �� are the azimuthal angle and pseudorapidity of
the pion with respect to the direction of the D meson
candidate. The selection requirements are optimized to
yield the largest S=

�������������
S� B
p

for each of the decays. In the
optimization procedure, the number of signal events (S) is
estimated using a Monte Carlo simulation, while the num-
ber of background events (B) is estimated using sidebands
of the B meson mass spectra reconstructed in data.

We require the Bmeson candidate tracks to be consistent
with the following constraints: the D meson tracks origi-
nate from a common vertex, the momentum of the D
meson points back, in three dimensions, to the remaining
B meson candidate track, and the invariant mass of the D
meson decay products is consistent with the world average
of the corresponding D meson mass [2]. We also require
that at least two of the B meson daughter tracks are con-
sistent with the trigger requirements. The combinatorial
1-4
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background is strongly reduced by requiring that LBxy >
400 �m and Lxy�B! D�>�150 �m, where the latter
refers to the Lxy of the D meson decay vertex with respect
to the B meson decay vertex. The impact parameter of the
B meson momentum with respect to the beam axis is
required to be less than 80 �m to assure that the B meson
candidate originates from the primary vertex. The invariant
mass distributions of B0

s , B�, and B0 meson candidates are
shown in Fig. 2. The prominent peak at each expected B
meson mass establishes B! D� decay signals, including
our observation of B0

s ! D�s ��.
We measure the following ratio:

B�B0
s ! D�s ���

B�B0 ! D����
�
N�B0

s�

N�B0�

��B0�

��B0
s�

fd
fs



B�D� ! K������

B�D�s ! ����B��! K�K��
(1)

where N�B0
s� and N�B0� are the signal yields, fd=fs is the

ratio of fragmentation fractions for B0 and B0
s mesons, and

��B0�=��B0
s� is the ratio of trigger and reconstruction effi-

ciencies. Equation (1) also applies to the B� ! �D0��

mode, with terms for B0
s decays replaced by those relevant
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FIG. 2 (color online). Invariant mass spectra for (a) D�s ��,
(b) D���, and (c) �D0�� for data, with �2 fits overlaid. The
main background under the signal peak is combinatorial, mod-
eled with a combination of a linear and exponential function.
The shaded peak corresponds to B! DK decays, and is mod-
eled with a Gaussian. The additional background component in
the low mass region is due to partially reconstructed B decays.
This background component is modeled using shapes deter-
mined by inclusive B! DX Monte Carlo simulations. A sample
Monte Carlo mass distribution for B� ! �D0�� events is shown
in (d). Contributions from different sources in (d) are ordered by
peak position, from right to left.
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to B� decays. There are three components to the ratio of
branching fractions measurement: the ratio of B meson
yields obtained from fits to the invariant mass spectra,
the ratio of signal efficiencies obtained from Monte Carlo
simulation, and the product of previously measured pro-
duction and branching fractions.

In our analysis, we use Monte Carlo simulation to de-
termine shapes of mass spectra and relative efficiencies.
The Monte Carlo generation proceeds as follows. Trans-
verse momentum and rapidity distributions of single b
quarks are generated based on calculations using next-to-
leading-order perturbative QCD [13]. B meson kinematic
distributions are obtained by simulating Peterson fragmen-
tation [14] on quark-level distributions. Additional frag-
mentation particles, correlated b- �b production and the
underlying event structure are not simulated. B meson
decays are simulated using EvtGen [15]. The simulation
of the CDF II detector and trigger is based upon a GEANT 3

description [16] that includes effects of time variation of
the beam position and hardware configuration of the
SVX II and SVT.

The yield of B mesons is extracted from the invariant
mass spectra using a binned �2 fit, as shown in Fig. 2.
There are three contributions to the background shape
used in the fit. The combinatorial background component
is modeled with a linear combination of a linear and
exponential distribution. The shape of background due
to Cabibbo-suppressed B! DK decay is modeled by a
Gaussian and is shown as shaded distributions in
Figs. 2(a)–2(c). Backgrounds due to partially recon-
structed B decays contribute to the low mass side of the
signal peak and are modeled by inclusive B! DX
Monte Carlo simulation. The structures in the region close
to the signal are due to B! D�� decays, where a photon
or a �0 from the D� decay is not reconstructed. The decay
of the polarized D� produces the double-peaked structure.
As an example of the various contributing backgrounds,
Fig. 2(d) shows the invariant mass spectrum for B! DX
Monte Carlo reconstructed as B� ! �D0��. In the fit to the
data mass spectrum, the fractions of combinatorial back-
ground and partially reconstructed B’s are allowed to float
in the fit. The ratio of Cabibbo-suppressed B! DK back-
ground to the corresponding signal is fixed to the world
average ratio of branching fractions, with the trigger and
reconstruction efficiencies of the two modes taken into
account. The fitted yields of B0 ! D���, B� ! �D0��,
and B0

s ! D�s �� decays are 1118� 43�stat�, 1260�
42�stat� and 83� 11�stat� events, respectively.

Trigger and reconstruction efficiencies for B0; B�, and
B0
s decays are determined using Monte Carlo simula-

tion. The trigger efficiency differs among the three B
meson decay modes due to differences in decay kine-
matics (e.g., opening angle distributions) which arise
from the different masses and spins of the intermediate
and final state particles. The ratios of efficiencies are
1-5
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��B0�=��B�� � 0:708� 0:010 and ��B0�=��B0
s� �

0:903� 0:012, where the uncertainties are due to the
limited statistics of Monte Carlo samples.

World average values [2] are used for the various
branching fractions in Eq. (1). In terms of B meson pro-
duction, we assume fd � fu, consistent with previous
measurement [17]. The B0

s=B0 production fraction used
in this analysis is the world average value, fs=fd �
0:270� 0:029, currently dominated by LEP measure-
ments. The ratio of fragmentation fractions may be differ-
ent in a hadron collider environment than in e�e�

collisons. However, the ratio of fragmentation fractions
measured by CDF [17] is consistent with the LEP results.

Many systematic uncertainties cancel in the measure-
ment of ratios of branching fractions due to the similarity
of final state kinematics. Systematic uncertainties come
from three main sources: fitting the invariant mass distri-
butions to obtain signal yields, determination of the ratio of
efficiencies, and uncertainties on external inputs. The con-
tribution to the systematic uncertainty from externally
measured quantities is calculated by propagating world
average uncertainties. Systematic uncertainties on the sig-
nal yields are determined by comparing the fitted yields
after changing the invariant mass region of the fit and
varying the background shape within the range allowed
by the B! DX Monte Carlo statistics and world average
uncertainties on the branching fractions of participating B
decays. Systematic uncertainties on the ratio of efficiencies
come from physics sources such as the choice of pT
spectrum or meson lifetime, and detector sources such as
inaccuracies in the XFT and SVT hardware simulation.
The uncertainty due to a given source is estimated by the
shift of the ratio of efficiencies when the effect of that
source is modified in the Monte Carlo simulation. The
effect of the choice of B meson pT spectrum is estimated
by reweighting the Monte Carlo simulation to match the
measured B hadron pT spectrum [7]. Since the trigger and
TABLE I. Summary of relative systematic uncertainties.

Effect B0
s=B

0 [%] B�=B0 [%]

fit N�B0
s ; B

�� 4.5 2.0
fit N�B0� 2.3 2.3

BpT spectrum 2.6 1.5
trigger simulation 1.6 0.2
selection simulation 4.0 4.0
�0 mass cut 0.2 not applicable

B�=B0
s meson lifetime 2.0 0.4

D0=D�s meson lifetime 0.1 0.1

B0 meson lifetime 0.4 0.4
D� meson lifetime <0:1 <0:1

fourth track accept not applicable 5.2

Total 7.4 7.4
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analysis selection only accept events in which the Bmeson
is displaced from the primary interaction point, the effi-
ciencies depend upon the B and D meson lifetimes. To
estimate uncertainties due to B and D meson lifetimes, the
Monte Carlo simulation is reweighted with different life-
times within the world average uncertainties. Because of
the different specific ionization of �� and K� in the COT,
kaons are 6% less efficient in satisfying the XFT require-
ments [18]. The Monte Carlo simulation is reweighted to
reproduce this effect. To estimate the uncertainty due to
imperfections in simulating the signal selection require-
ment efficiencies, we compare efficiencies between
Monte Carlo simulation and sideband subtracted B� and
B0 signal for every selection requirement separately. In the
case of the B�=B0 branching fraction ratio measurement,
there is an additional systematic uncertainty associated
with the fact that the B0 decay has four tracks in the final
state while B� has only three. We infer the corrections
and systematic uncertainties due to the fourth track by
comparing trigger and reconstruction efficiencies in data
and Monte Carlo simulations for semileptonic B!
D��l�X;D�� ! �D0�� decays between the �D0 ! K���

and K������� final states.
The systematic uncertainties are summarized in Table I.

The total systematic uncertainty is obtained by adding
individual contributions in quadrature. Using Eq. (1), we
obtain the following values for the ratios of branching
fractions:

B�B0
s ! D�s �

��

B�B0 ! D����
� 1:32� 0:18�stat� � 0:10�syst�

� 0:34�BR� � 0:14�PR�; (2)

B�B� ! �D0���

B�B0 ! D����
� 1:97� 0:10�stat� � 0:15�syst�

� 0:14�BR�; (3)

where BR and PR refer to the uncertainty on the ratio of D
meson branching fractions and B0

s meson production rela-
tive to B0, respectively. Under the assumption of isospin
invariance, our measurement of the ratio B�B� !
�D0���=B�B0 ! D���� is consistent with the world av-

erage [2]. This provides a high statistics cross-check of the
measurement procedure.

In conclusion, we have presented the first observation of
B0
s ! D�s �� decays in p �p collisions, and the first mea-

surement of the B0
s ! D�s �� branching fraction relative to

the B0 ! D��� branching fraction. The precision of this
measurement is currently not adequate to separate the
contributions of different decay diagrams [4]. We expect
the measurement precision to improve as world average
values of D meson branching fractions and B meson pro-
duction fractions improve.

We thank the Fermilab staff and the technical staffs of
the participating institutions for their vital contributions.
1-6



PRL 96, 191801 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
19 MAY 2006
This work was supported by the U.S. Department of
Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Foun-
dation; the A. P. Sloan Foundation; the Bundesmini-
sterium für Bildung und Forschung, Germany; the
Korean Science and Engineering Foundation and the
Korean Research Foundation; the Particle Physics and
Astronomy Research Council and the Royal Society, UK;
the Russian Foundation for Basic Research; the Comisión
Interministerial de Ciencia y Tecnologı́a, Spain; in part by
the European Community’s Human Potential Programme
under Contract No. HPRN-CT-2002-00292; and the
Academy of Finland.
[1] A. J. Buras et al., Phys. Lett. B 500, 161 (2001).
[2] S. Eidelman et al., Phys. Lett. B 592, 1 (2004).
[3] K. Anikeev et al., Fermilab Report No. FERMILAB-PUB-

01-197 (2001).
[4] A. K. Leibovich, Z. Ligeti, I. W. Stewart, and M. B. Wise,

Phys. Lett. B 586, 337 (2004).
[5] D. Buskulic et al. (ALEPH Collaboration), Phys. Lett. B

311, 425 (1993).
[6] R. Akers et al. (OPAL Collaboration), Phys. Lett. B 337,

196 (1994).
19180
[7] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[8] CDF II uses a cylindrical coordinate system in which ’ is
the azimuthal angle, r is the radius from the nominal
beamline, y points up, and z points in the proton beam
direction with the origin at the center of the detector. The
transverse plane is the plane perpendicular to the z axis. A
superconducting magnet provides a nearly uniform 1.4 T
axial field in which charged particles are reconstructed.

[9] A. Sill et al., Nucl. Instrum. Methods Phys. Res., Sect. A
447, 1 (2000).

[10] T. Affolder et al., Nucl. Instrum. Methods Phys. Res., Sect.
A 526, 249 (2004).

[11] E. J. Thomson et al., IEEE Trans. Nucl. Sci. 49, 1063
(2002).

[12] W. Ashmanskas et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 518, 532 (2004).

[13] P. Nason, S. Dawson, and R. K. Ellis, Nucl. Phys. B303,
607 (1988).

[14] C. Peterson, D. Schlatter, I. Schmitt, and P. M. Zerwas,
Phys. Rev. D 27, 105 (1983).

[15] D. J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).

[16] R. Brun, R. Hagelberg, M. Hansroul, and J. C. Lassalle,
CERN Reports No. CERN-DD-78-2-REVand No. CERN-
DD-78-2.

[17] T. Affolder et al. (CDF Collaboration), Phys. Rev. Lett. 84,
1663 (2000).

[18] D. Acosta et al. (CDF Collaboration), Phys. Rev. Lett. 94,
122001 (2005).
1-7


