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We present an analysis of the semi-inclusive decays Bs → D−
s Xlþν and Bs → D�−

s Xlþν, where X
denotes a final state that may consist of additional hadrons or photons and l is an electron or muon.
The studied Bs decays are contained in the 121.4 fb−1 Υð5SÞ data sample collected by the Belle detector
at the KEKB asymmetric-energy eþe− collider. The branching fractions of the decays are measured
to be BðBs → D−

s XlþνÞ ¼ ½8.2� 0.2ðstatÞ � 0.6ðsystÞ � 1.4ðextÞ�% and BðBs → D�−
s XlþνÞ ¼

½5.4� 0.4ðstatÞ � 0.4ðsystÞ � 0.9ðextÞ�%, where the first two uncertainties are statistical and systematic

and the last is due to external parameters. The measurement also provides an estimate of the Bð�Þ
s B̄ð�Þ

s

production cross section, σðeþe− → Bð�Þ
s B̄ð�Þ

s Þ ¼ ½53.8� 1.4ðstatÞ � 4.0ðsystÞ � 3.4ðextÞ� pb, at the
center-of-mass energy

ffiffiffi
s

p ¼ 10.86 GeV.

DOI: 10.1103/PhysRevD.92.072013 PACS numbers: 14.40.Nd, 13.20.He

I. INTRODUCTION

Analyses of semileptonic decays B → Xclν, where Xc
denotes a hadronic final state with a charm quark, play an
important role in the determination of the Cabibbo-
Kobayashi-Maskawa matrix element jVcbj. The extraction

of jVcbj from the measured decay rates relies on form
factors that describe the accompanying strong interaction
processes. Measurements of semileptonic Bs decays
provide complementary information to test and validate
the QCD calculations of these form factors. Since
large Bs samples have become available at Belle and the
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experiments at the Large Hadron Collider, the interest in the
topic of semileptonic Bs decays has intensified recently.
Theoretical predictions of form factors and branching
fractions are based on QCD sum rules [1–4], lattice
QCD [5,6] and constituent quark models [7–15]. The
predicted exclusive branching fractions vary from 1.0%
to 3.2% for Bs → Dslν decays and from 4.3% to 7.6% for
Bs → D�

slν decays. There are also predictions for the
modes with higher excitations of the Ds meson, denoted
hereinafter by “D��

s ”. The LHCb and D0 experiments have
measured the semi-inclusive branching fractions of the
decays Bs → Ds1ð2536ÞXμþν and Bs → D�

s2ð2573ÞXμþν,
where the D��

s mesons were reconstructed in Dð�ÞK final
states [16,17]. The inclusive semileptonic branching frac-
tion of Bs → Xlν decays was recently measured by Belle
and BABAR [18,19] and found to be in agreement with the
expectations from SU(3) flavor symmetry [20,21]. We
report here the first measurements of the semi-inclusive
branching fractions BðBs → DsXlνÞ and BðBs → D�

sXlνÞ
using the Belle Υð5SÞ data set. The number of Bð�Þ

s B̄ð�Þ
s

pairs in the data set,

NBsB̄s
¼ σðeþe− → Bð�Þ

s B̄ð�Þ
s Þ · LΥð5SÞ; ð1Þ

where σðeþe− → Bð�Þ
s B̄ð�Þ

s Þ is the production cross section
and LΥð5SÞ is the integrated luminosity, is the limiting
systematic uncertainty in this measurement and other
untagged Bs measurements at Belle [22]. The value
NBsB̄s

¼ ð7.1� 1.3Þ × 106 was obtained from a measure-
ment of the inclusive Ds yield in the data set [23]. The
measured Bs → DsXlν yield, together with an estimate for
the branching fraction BðBs → DsXlνÞ, provides an alter-
native way to determine NBsB̄s

. A similar approach was
already pursued by the LEP experiments [24–26] and
LHCb [27].

II. DETECTOR, DATA SAMPLE
AND SIMULATION

The Belle detector located at the KEKB asymmetric-
energy eþe− collider [28] is a large-solid-angle magnetic
spectrometer that consists of a silicon vertex detector, a
50-layer central drift chamber (CDC), an array of aerogel
threshold Cherenkov counters (ACC), a barrel-like arrange-
ment of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter (ECL) comprised of CsI(Tl)
crystals located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux-return located
outside of the coil is instrumented forK0

L mesons and muon
detection (KLM). The detector is described in detail else-
where [29].
This analysis uses a data set with an integrated

luminosity of LΥð5SÞ ¼ ð121.4� 0.8Þ fb−1 collected at a
center-of-mass (CM) energy of

ffiffiffi
s

p ¼ 10.86 GeV [30],
corresponding to the mass of the Υð5SÞ resonance. The
Bs mesons are produced in pairs in the following
production modes, with the respective production frac-
tions given in parentheses: B�

sB̄�
s [ð87.8� 1.5Þ%], B�

sB̄s

[ð6.7� 1.2Þ%] and BsB̄s [ð2.6� 2.6Þ%] [31]. All produc-
tion modes are considered for the analysis. Moreover, we
use a 62.8 fb−1 sample collected below the production
threshold for open B production to study the continuum
processes eþe− → qq̄ (q ¼ u, d, s, c).
A sample of simulated events with a size corresponding

to six times the integrated data luminosity is generated
using Monte Carlo (MC) techniques. The simulated data
emulate the different types of events produced at the Υð5SÞ
CM energy, comprising events with B and Bs decays,
bottomonium production and the qq̄ continuum processes.
The events are generated with the EvtGen package [32] and
are processed through a GEANT [33] based detector sim-
ulation. Final state photon radiation is added with the
PHOTOS package [34].
The branching fractions in the simulation are set to the

latest averages from the Particle Data Group [31]. However,
for semileptonic Bs decays only measurements of the
Ds1ð2536Þ and D�

s2ð2573Þ modes are available, so we
use instead the calculations from Faustov and Galkin
[8], who predict the full set of branching fractions
and thus provide a self-consistent picture of the semi-
leptonic width. The Bs semileptonic decay modes consid-
ered in this analysis, with their corresponding branching
fractions given in parentheses, are: Ds (2.1%), D�

s (5.3%),
Ds1ð2536Þ (0.84%), D�

s0ð2317Þ (0.36%), Ds1ð2460Þ
(0.19%) and D�

s2ð2573Þ (0.67%). The decays B0
s →

Dð�Þ
s lν are described by the Caprini-Lellouch-Neubert

model [35], based on heavy quark effective theory [36].
Assuming SU(3) flavor symmetry, the form factors of the
semileptonic Bs decays are taken to be identical to the ones
measured in the corresponding B decays [37]; we use the
following values of the form factor parameters: ρD ¼ 1.186
for Bs → Dslν decays, and ρ ¼ 1.207, R1 ¼ 1.403, R2 ¼
0.854 for Bs → D�

slν decays. The B0
s → D��

s lν decays are
described by the Leibovich-Ligeti-Stewart-Wise (LLSW)
model [38] originally developed for B → D��lν decays.
We replace in this model the B and D�� masses by the Bs
and D��

s masses, respectively. The nominal branching
fractions for the D��

s decays in this analysis are listed in
Table I.

III. ANALYSIS OVERVIEW

This analysis is based on samples of reconstructedD−
s lþ

and D�−
s lþ pairs [39]. Incorrectly reconstructed Ds and D�

s
candidates constitute a large background in the analysis.

We therefore perform fits to the Dð�Þ
s mass distributions to

determine the yields of events with correctly reconstructed

Dð�Þ
s mesons. These events contain the following signal and

background categories:
(1) eþe− → cc̄ continuum;
(2) B → Dð�Þ

s Klν decays, which have a branching
fraction of ð6.1� 1.0Þ × 10−4 [31,40,41];
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(3) opposite-BðsÞ background, where a lepton candidate

is combined with a Dð�Þ
s meson from the second Bs

in the event; the lepton candidate can be either a
primary lepton from a BðsÞ → Xlν decay, a lepton
originating from a secondary decay or a misidenti-
fied hadron track;

(4) same-BðsÞ background from secondary leptons and
from hadron tracks misidentified as leptons, which
stem from the decay of the same Bs meson as the

reconstructed Dð�Þ
s meson;

(5) signal: in the DsXlν channel, the signal comprises
Bs → Dslν decays and crossfeed from Bs → D�

slν
and Bs → D��

s lν decays; in the D�
sXlν channel,

the dominant signal contributions are Bs → D�
slν

decays with a small crossfeed contribution from
Bs → D��

s lν decays.
The continuum background is estimated using off-

resonance data, and the B → Dð�Þ
s Klν background is

estimated from MC simulation. We use the kinematic
properties of the reconstructed decay to determine the
normalizations of the other three components from data.
For this, we consider the lepton momentum in the CM
system of the eþe− collision, p�

l, and the variable

Xmis ¼
E�
Bs
− ðE�

Dsl
þ p�

Dsl
Þ

p�
Bs

; ð2Þ

where E�
Bs

is the energy of the Bs meson in the CM system
approximated by

ffiffiffi
s

p
=2; p�

Bs
is the momentum of the Bs

meson in the CM system approximated by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −m2

Bs

q
;

E�
Dsl

¼ E�
l þ E�

Ds
is the sum of the reconstructed energies

in the CM system and p�
Dsl

¼ j~p�
l þ ~p�

Ds
j is the absolute

value of the sum of the reconstructed lepton and Ds
momenta in the CM system. When the Ds meson
and the lepton candidate stem from the decay of the same
Bs meson, Xmis takes values larger than −1 because
the momentum of the unreconstructed Bs decay
products, p�

other, is constrained by the triangle inequality

p�
Bs
− p�

Dsl
≤ p�

other and by p�
other ≤ E�

other ¼ E�
Bs
− E�

Dsl
.

We divide the data samples into three regions:
(A) Xmis < −1,
(B) Xmis ≥ −1 and p�

l < 1.4 GeV,
(C) Xmis ≥ −1 and p�

l ≥ 1.4 GeV.
As these regions are later used to determine the signal
yields, we refer to them as “counting regions” in the
following. Region A contains only opposite-BðsÞ back-
ground and can be used to determine the normalization of
this background. The normalization of the other two
components can be extracted from the measured yields
in regions B and C, which have an enhanced fraction of
same-BðsÞ background and signal events, respectively. The
boundary p�

l ¼ 1.4 GeV is chosen to achieve approxi-
mately equal event yields in regions B and C. The analysis
is insensitive to the modeling of the Xmis distribution for
signal decays, which depends on the mass of the B�

s meson,
mB�

s
, and is thus strongly influenced by the poor precision

on mB�
s
. The semi-inclusive branching fractions are

obtained from the relation

BðBs → Dð�Þ
s XlνÞ ¼ Nsig

2 · NBsB̄s
ϵB

Dð�Þ
s

; ð3Þ

where Nsig is the measured signal yield, ϵ is the average
signal efficiency and B

Dð�Þ
s

is the branching fraction of the

reconstructed Dð�Þ
s decay mode:

BDs
¼ BðD−

s → ϕπ−;ϕ → KþK−Þ; ð4Þ

BD�
s
¼ BðD�−

s → D−
s γÞ · BDs

: ð5Þ

IV. EVENT SELECTION

We select tracks originating from the interaction region
by requiring jdzj < 2.0 cm and dr < 0.5 cm, where dz and
dr are the impact parameters along the eþ beam and in the
transverse plane, respectively. Kaon or pion hypotheses are
assigned to the tracks based on a likelihood combining the
information from the Cherenkov light yield in the ACC, the
time-of-flight information of the TOF and the specific
ionization dE=dx in the CDC. The kaon (pion) identifica-
tion efficiency for tracks with a typical momentum of
0.75 GeV is about 96% (92%), while the rate of pions
(kaons) being misidentified as kaons (pions) is 7% (2%).
The kaon and pion candidates are used to reconstruct Ds
mesons in the high-purity decay channel D−

s → ϕπ−;
ϕ → KþK−. A Ds candidate is retained in the analysis if
it has a reconstructed mass, MKKπ , within a �65 MeV
window around the nominal Ds mass, mDs

¼ 1968.5 MeV
[31], that includes large enough sidebands to determine the
combinatorial background of random KKπ combinations.
The reconstructed di-kaon invariant mass,MKK , is required
to be in the mass window between 1004 and 1034 MeV,

TABLE I. Nominal branching fractions of D��
s decays to

different final states in the MC simulation. The branching fraction
of the D�

s → DsX decays is set to 100% and this crossfeed is
included in the calculation of the branching fractions to the DsX
final state.

Branching fraction [%]
Y Y → DsX Y → D�

sX Y → Dð�ÞK

D�
s0ð2317Þ 100 63 0

Ds1ð2460Þ 100 3 0
Ds1ð2536Þ 0 0 100
D�

s2ð2573Þ 0 0 100
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corresponding to three times the FWHM of the recon-
structed ϕ mass peak. To suppress combinatorial back-
ground, we impose the criterion j cos θhelj > 0.3 on the
helicity angle, defined as the angle between the momentum
of the Ds and the K− in the rest frame of the ϕ resonance.
The Ds candidates with a reconstructed mass, MKKπ ,

within the range between 1953.5 and 1983.5 MeV, corre-
sponding to three times the RMS of the Ds mass peak, are
utilized for the reconstruction of D�

s candidates in the
dominant decay channel D�

s → Dsγ. Photon candidates are
reconstructed from ECL clusters that are not attributed to a
track candidate. The photon candidate must have a mini-
mum energy of 125 MeV in the lab frame and the ratio of
the energy deposit in the central 3 × 3 cells of the ECL
cluster to the energy deposit in the central 5 × 5 cells must
be at least 90%. To veto photons from π0 decays, we
combine the photon candidate with any other photon
candidate in the detector and require that the invariant
mass of the two photons differs from the nominal π0 mass
[31] by more than 5 MeV, corresponding to about 0.8
times the experimental resolution. The angle between the
Ds meson and the photon in the lab frame is typically less
than 90°, so only candidates fulfilling this requirement are
retained. The D�

s candidates whose mass difference
between the reconstructed D�

s and Ds candidates, ΔM ¼
MKKπγ −MKKπ , lies between 78.8 and 208.8 MeV are
retained.
Electron and muon candidates are reconstructed from

tracks that are not used for the Dð�Þ
s reconstruction.

Electrons are selected based on the position matching
between the track and the ECL cluster, the ratio of the
energy measured in the ECL to the charged track momen-
tum, the transverse ECL shower shape, specific ionization
in the CDC and the ACC light yield. Muons are identified
using their penetration depth and the transverse scattering
in the KLM. Hadron tracks misidentified as leptons and
leptons from secondary decays tend to have lower momenta
than primary leptons and are suppressed by rejecting lepton
candidates with a momentum in the lab frame below
900 MeV. The electron (muon) identification efficiency
in the selected momentum region is better than 89% (82%)
and the probability that a charged pion or kaon track is
misidentified as an electron (muon) is below 1% (2%).
Leptons, lþ, from J=ψ → lþl− decays are vetoed by
requiring jMlþh− −mJ=ψ j < 5 MeV, where Mlþh− is the
invariant mass of the lepton and any accepted track of the
opposite charge, h−, to which we assign the l mass
hypothesis. Furthermore, electrons are rejected if they
are likely to stem from photon conversions, jMlþh− j <
100 MeV, or Dalitz π0 decays, jMlþh−γ −mπ0 j < 32 MeV.
We form a signal B0

s candidate by pairing a Dð�Þ−
s

candidate with an oppositely charged lepton candidate
lþ. To suppress background from cc̄ continuum, we reject
events where the normalized Ds momentum, xðDsÞ ¼
p�ðDsÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −m2

Ds

q
, is larger than 0.5 (for explanations,

see Ref. [18]). Further suppression of the cc̄ continuum
background is achieved by rejecting events with a jetlike
topology characterized by j cos θthrustj > 0.8, where θthrust is
the thrust angle defined by the two thrust axes maximizing
the projection of the momenta of the tracks and photon
candidates of the B0

s candidate and the rest of the event,
respectively.
After applying the selection criteria, 7.9% (0.4%) of the

events contain more than one (two)Dþ
s l− candidate(s). We

perform a χ2 fit to the vertex of the three tracks used for Ds
reconstruction and select the candidate with the best
goodness-of-fit. This approach selects a correct candidate
in 80% of the cases. The selected Ds candidate in an event
is used for D�

s reconstruction; in 36.2% (9.7%) of the
events, more than one (two) Dsγ combinations meet theD�

s
requirements. We choose the photon candidate with the
highest energy fraction deposited in the central 3 × 3 cells
of a 5 × 5 cell ECL cluster. In the case that more than one
photon candidate deposits all of its energy in the central
3 × 3 cells of the cluster, the candidate with the higher
energy in the lab frame is selected. If two or more lepton
candidates pass all of these selection criteria (2.1% of all
events), we choose a random lepton candidate.

V. FIT RESULTS

A. Ds fits

We determine the yields of correctly reconstructed Ds
mesons with binned extended maximum likelihood fits to
the reconstructed Ds mass, M ¼ MKKπ , in 50 equal bins,
indexed by j. The probability density function (PDF) of
correctly reconstructedDs mesons, PsigðMÞ, is modeled by
the sum of two Gaussian functions with a common mean.
The PDF of the combinatorial background, PbkgðMÞ, is a
first-order Chebychev polynomial. We do not determine the
shape parameters from simulation, but rather allow them to
vary as free parameters in the fit. The Ds mass fits are
performed simultaneously in the three counting regions
(i ¼ A, B,C) defined above. The width of the first Gaussian
function, σ1, the ratio of the widths of the two Gaussian
functions, rσ, and the ratio of the normalizations of the two
Gaussian functions, rN , are common fit parameters in all
three regions. The means of the Gaussian functions, μi, and
the slopes of the polynomials describing the background,
bi, are fitted in each counting region individually. The
likelihood function is

Lðνsig; νbkg; θÞ ¼
Y

i¼A;B;C

νnii
ni!

e−νi
Y
bins j

ν
nij
ij

nij!
e−νij ; ð6Þ

where νsig ¼ ðνsigA ; νsigB ; νsigC Þ and νbkg ¼ ðνbkgA ; νbkgB ; νbkgC Þ is
the vector of signal and background yields in the three
counting regions, θ ¼ ðσ1; rσ; rN; μA; μB; μC; bA; bB; bCÞ
are the shape parameters for the signal and background
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PDFs, and nij and νij are the observed and expected event
yields in bin j of counting region i, respectively, with ni ¼P

jnij and νi ¼
P

jνij. The expected event yield, νij, is a

function of νsigi ,νbkgi and θ:

νij ¼
Z

Mj;max

Mj;min

½νsigi PsigðMÞ þ νbkgi PbkgðMÞ�dM: ð7Þ

Figures 1(a) and 1(b) show the KKπ mass distributions
together with the fit results.

B. D�
s fits

The D�
s yields are determined from binned extended

maximum likelihood fits to the mass difference ΔM in
25 equal bins, indexed by j. The combinatorial back-
ground is modeled by a third-order Chebyshev poly-
nomial, PbkgðΔMÞ, whose parameters are constrained
to the values obtained from fits to simulated back-
ground distributions. Since the background shapes vary
for the different counting regions, the shape parameters
are determined for each counting region separately.
The signal peak is modeled by the sum of a Gaussian
function and a Crystal Ball function [42] to account
for energy loss due to material in front of the
calorimeter:

PsigðΔMÞ ∝ rN exp

�
−
ðΔM − μÞ2
ðrσ · σÞ2

�

þ
8<
:

exp ð− ðΔM−μÞ2
2σ2

Þ if ΔM−μ
σ > −α

ðβαÞβ ·e−α
2=2

ðβα−α−ΔM−μ
σ Þβ if ΔM−μ

σ ≤ −α:

A common mean, μ, is used for both the Gaussian and
the Crystal Ball functions. We perform a fit to the
simulated signal distribution and fix the parameters rN ,
rσ, α and n at the obtained values. The width σ and the
mean of the signal peak μ are varied in the fit to data;
the parameter σ is fitted simultaneously in all counting
regions while μ is fitted individually for each counting
region. The likelihood function is constructed analogous
to Eqs. (6) and (7) with additional factors, to implement
the constraints of the background PDF parameters
taking into account their correlations. The results of
the ΔM fits in the different counting regions are
presented in Figs. 1(c) and 1(d).

C. Background subtraction

To estimate the cc̄ continuum background, the Ds and
D�

s yields are measured in D−
s lþ and D�−

s lþ samples
reconstructed in the off-resonance data. Since the size of
the off-resonance data sample is not sufficient to deter-
mine the shape parameters in the fits, they are fixed to
the values obtained in the fits to Υð5SÞ data in the

corresponding counting region. The CM energy,
ffiffiffi
s

p
, in

the expression for the Xmis variable in Eq. (2) is replaced
by a constant value of 10.876 GeV because, otherwise,
the denominator would not be defined. The cc̄ continuum
yields from the fits to off-resonance data are multiplied
by the scale factor S ¼ ðLΥð5SÞ=sΥð5SÞÞ=ðLoff=soffÞ ¼
1.81� 0.02 to account for the differences in integrated
luminosities, L, and the 1=s dependence of the eþe− →
cc̄ cross section. Additionally, a shape correction for
differences of the yields in the counting regions between
off-resonance and Υð5SÞ data is determined from MC

simulation and applied. The small background from B →

Dð�Þ
s Klν decays is estimated from MC simulation using a

simple phase space model. The backgrounds from con-

tinuum processes and B → Dð�Þ
s Klν decays are sub-

tracted in each counting region from the yields
measured in Υð5SÞ data.

D. Signal extraction

After subtraction of the continuum and the B →

Dð�Þ
s Klν background components, the remaining yields

contain three contributions: opposite-BðsÞ background,
same-BðsÞ backgrounds and signal. The three contributions
are constrained by the event yields in the three counting
regions. We introduce a scale factor, aj, for each contri-
bution, j. The determination of the scale factors is equiv-
alent to solving a system of three linear equations with three
unknowns. In order to obtain the uncertainties on the scale
factors, we minimize:

χ2 ¼
X

i¼A;B;C

ðDi −
P

jajNi;jÞ2
ðΔDiÞ2 þ

P
jðajΔNi;jÞ2

; ð8Þ

where the index i runs over the three counting regions,Di is
the event yield determined by the fits to the MKKπ or ΔM
distributions in data, and ΔDi is the statistical uncertainty
of these fits,Ni;j is the MC prediction for the contribution j,
andΔNi;j is its statistical uncertainty. Table II lists the scale
factors, aj, obtained from the χ2 minimization and the
signal yields,

Nsig ¼ asig ·
X
i

Ni;sig: ð9Þ

Figure 2 shows the Xmis and p�ðlÞ distributions in the three
counting regions after applying the scale factors aj.

VI. SYSTEMATIC UNCERTAINTIES

The different sources of systematic uncertainties on
the measured signal yields are described below. They
comprise detector effects and the modeling of the
signal and backgrounds. An overview can be found
in Table V.
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(a)

(b)

(c)

(d)

FIG. 1 (color online). The MKKπ distributions for D−
s lþ events and ΔM distributions for D�−

s lþ events reconstructed in the Υð5SÞ
data for the three counting regions. The black points with uncertainty bars are the data, the red solid curve represents the total fit result,
and the green dashed line is the fitted background component.
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A. Detector effects

The uncertainty on the track finding efficiency is 0.35%
per track and thus 1.4% for four tracks. The photon
efficiency is studied with radiative Bhabha events, from
which the uncertainty is estimated to be 2%. The calibration
of kaon and pion identification efficiencies is estimated
from a sample of reconstructedD�þ → D0πþ;D0 → K−πþ

decays. A variation of the obtained calibration factors
within their uncertainties changes the measured signal
yield by 1.4%. The efficiency of the lepton identification
is estimated using the two processes γγ → lþl− and
J=ψ → lþl−. The corresponding uncertainties on the
measured signal yields are 1.0% and 1.6% for the electron
and muon modes, respectively. The rates of hadrons being
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FIG. 2 (color online). Distributions of Xmis and p�ðlÞ for reconstructed Dð�Þ−
s lþ events. The black points with uncertainty bars show

the Dð�Þ−
s yields in the Υð5SÞ data determined by fits to the MKKπ distributions for D−

s lþ and the ΔM distributions for D�−
s lþ. The

stacked histograms represent the signal and background expectations after applying the scale factors aj (see Table II). The components

are, from bottom to top: continuum background (white), B → Dð�Þ
s Klν background (dark green), opposite-BðsÞ primary leptons (solid

blue), opposite-BðsÞ secondary leptons and misidentified hadrons (hatched blue), same-BðsÞ background (hatched yellow), signal
Bs → Dslν (solid red), signal Bs → D�

slν (hatched red), signal Bs → D��
s lν (cross-hatched red). The vertical black line illustrates

the division of the counting regions. The displayed binning of the Xmis and p�ðlÞ distributions is used only to illustrate the

data-MC agreement; the signal yield, Nsig, is extracted from the measuredDð�Þ−
s yields in the three counting regions A, B and C listed in

Tables III and IV.

TABLE II. The scale factors, aj, for the MC components obtained by minimizing the χ2 function defined in Eq. (8). The errors are the
statistical uncertainties of the data and the MC sample. The signal yields are determined from Eq. (9). The yields of the other
components are given in Tables III and IV. The signal efficiencies are obtained by averaging over the efficiencies for theDslν,D�

slν and
D��

s lνmodes, taking into account the expected relative abundance of the signal components. The given errors of the efficiencies are the
statistical uncertainties of the MC sample.

Scale factors

Channel Opposite-BðsÞ Same-BðsÞ Signal Signal yield Efficiency [%]

DsXeν 1.02� 0.04 1.00� 0.20 1.06� 0.04 4470� 161 16.9� 0.1
DsXμν 1.06� 0.04 0.94� 0.16 1.09� 0.04 4411� 161 16.3� 0.1
D�

sXeν 0.89� 0.12 1.66� 0.71 1.00� 0.11 724� 79 4.6� 0.1
D�

sXμν 0.96� 0.12 1.50� 0.58 1.13� 0.12 804� 86 4.6� 0.1
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misidentified as leptons are estimated with the aforemen-
tionedD�þ sample. The uncertainties due to this estimation
are 0.1% (DsXeν), 1.3% (DsXμν), 0.1% (D�

sXeν) and
1.9% (D�

sXμν).

B. Signal and background modeling

To study uncertainties of the PDFs in the Ds and D�
s fits,

we repeat the fits with alternative fit models and assign the
resulting change of the signal yield as systematic uncer-
tainty. Herein, we focus on the tails of the signal peaks
because they can be easily assigned in the fit to the
background component without deteriorating the agree-
ment of the data with the fitted curve. The signal PDF in the
Ds fits is modified by replacing the second Gaussian
function by a bifurcated Gaussian function. This choice
is motivated by a small asymmetry of the signal peak due to
final state radiation. The normalization and the widths of
the bifurcated Gaussian function are determined relative to

the normalization and width of the Gaussian function from
a fit to signal MC. These parameters are fixed in the fit to
data. Based on the observed change of the signal yield, we
assign a 3% PDF uncertainty. In the D�

s fits, the tails of the
signal peak are described by the Gaussian component of the
signal PDF. When this Gaussian function is removed from
the signal PDF, i.e. a Crystal Ball function only is used (cf.
Ref. [43]), the signal yields decrease by 5%. Hence, we
estimate the PDF uncertainty with 5%.
The uncertainty due to the continuum scale factor, S, is

negligible. The uncertainty due to the shape correction for
the continuum background is estimated as the full differ-
ence of the result with and without the correction applied,
which is 1.2% and 0.3% for electrons and muons, respec-

tively. To estimate the influence of the choice of the B →

Dð�Þ
s Klν decay model, we replace the phase space model

used in the nominal result with the ISGW2 model [44],
assuming that the decay proceeds via B → D�

0lν;

TABLE III. TheD−
s lþ yields obtained from theMKKπ fits toΥð5SÞ data in the three counting regions (A, B, C) and the corresponding

signal and background expectations. The scale factors from Table II obtained by minimizing Eq. (8) are applied to the MC expectations
(3)–(5). The errors are the statistical uncertainties of the data and MC samples, respectively, and do not contain the scale factor
uncertainties. Uncertainties are omitted if they are smaller than 0.5.

Electrons Muons

A B C A B C

Υð5SÞ data 1807� 53 4274� 87 4215� 82 1902� 54 4544� 89 4375� 81

(1) Continuum (scaled off-resonance data) 130� 34 278� 37 137� 22 102� 32 298� 40 134� 25
(2) B → DsKlν 0 48� 7 18� 4 0 46� 7 18� 4
(3) Opposite-BðsÞ, secondary leptons, mis-ID hadrons 110� 4 555� 10 61� 3 205� 6 826� 12 107� 4
(3) Opposite-BðsÞ, primary leptons 1565� 16 1165� 14 1032� 13 1594� 17 1081� 14 1043� 14
(4) Same-BðsÞ background 0 638� 10 89� 4 1 798� 11 158� 5
(5) Signal (Dslν) 0 492� 9 669� 11 0 489� 9 693� 11
(5) Signal (D�

slν) 1 951� 13 2072� 19 0 872� 13 2072� 19
(5) Signal (D��

s lν;D��
s → D�

s ) 0 28� 2 41� 3 0 26� 2 40� 3
(5) Signal (D��

s lν;D��
s ↛D�

s ) 0 117� 5 98� 4 0 109� 4 110� 4

TABLE IV. The D�−
s lþ yields obtained from the ΔM fits to Υð5SÞ data in the three counting regions (A, B, C) and the corresponding

signal and background expectations. The scale factors from Table II obtained by minimizing Eq. (8) are applied to the MC expectations
(3)—(5). The errors are the statistical uncertainties of the data and MC samples, respectively, and do not contain the scale factor
uncertainties.

Electrons Muons

A B C A B C

Υð5SÞ data 336� 33 656� 48 662� 46 370� 35 739� 52 741� 50

(1) Scaled off-resonance data 32� 22 61� 17 24� 11 49� 19 54� 18 20� 11
(2) B → DsKlν 0 6� 2 2� 1 0 4� 2 2� 1
(3) Opposite-BðsÞ, secondary leptons, mis-ID hadrons 24� 2 60� 3 4� 1 48� 3 99� 4 13� 1
(3) Opposite-BðsÞ, primary leptons 279� 6 147� 5 120� 4 273� 7 147� 5 109� 4
(4) Same-BðsÞ background 0 151� 6 20� 2 0 188� 7 39� 3
(5) Signal (D�

slν) 0 227� 6 483� 9 0 241� 7 547� 10
(5) Signal (D��

s lν;D��
s → D�

s ) 0 6� 1 8� 1 0 6� 1 11� 1
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D�
0 → Dð�Þ

s K. The use of this alternative model increases
the signal yields by 0.3% and 0.1% for the DsXlν and

D�
sXlν channels, respectively. We also vary the B →

Dð�Þ
s Klν branching fraction by the measured uncertainty

and observe no significant change in the measured yield.
We test the stability of the signal extraction when the
boundary between counting region B and C is varied
between p�

l ¼ 1.3 and 1.5 GeV. The resulting change of
the signal yields is consistent with the expected change due
to the increase/decrease of statistics in the respective
counting regions and, therefore, no systematic uncertainty
is assigned.
The systematic uncertainty on the signal composition in

the DsXlν channels is obtained by evaluating the effect of
scaling the relative amount of Bs → D�

slν decays up and
down by 30% and adjusting the Bs → Dslν component
such that the total number of MC events is conserved. This
variation covers most of the recent theory predictions and
causes a 4.7% change of the signal yields. To estimate the
impact of D��

s → DsX crossfeed, we double the Bs →
D��

s lν contribution in the signal component, which
increases the signal yield by 1%. The D�

sXlν signal
component is expected to be dominated by Bs → D�

slν
decays and hence the uncertainty due to the amount of
D��

s → D�
sX crossfeed is negligible for this channel.

The B → Dð�Þlν form factor parameters from Ref. [37]

used to simulate the Bs → Dð�Þ
s lν decays are measured

with an accuracy of 2–3%. However, SU(3) flavor sym-
metry breaking effects may cause deviations at the order of
10% [4]. To account for these differences, we vary each
form factor parameter of a given decay independently up
and down by 10%. The resulting average deviation from the
nominal signal yield is added linearly for each variation.
The uncertainty of the LLSW model for Bs → D��

s lν
decays is evaluated by repeating the measurement with
different sets of model parameters, as specified in Ref. [38].
The total systematic uncertainty due to form factor model-
ing is given by the quadratic sum of the uncertainties from
all decay modes and does not exceed 1%.
The signal efficiencies are studied in bins of three

distributions: the lepton momentum, the Ds momentum,
and the angle between the reconstructed Ds meson and the
lepton in the CM system. A recalculation of the average
efficiencies based on the observed data yields changes the
signal by at most 3.1%.
The modeling of the opposite-BðsÞ component is studied

in same-sign Dþ
s lþ control samples. The same-sign selec-

tion ensures that these samples contain only opposite-BðsÞ
combinations. Compared to the Dð�Þ−

s lþ samples, the
relative contribution of Bs decays is enhanced in this
control sample. Two components of the opposite-BðsÞ
sample are distinguished: (i) primary leptons and (ii) sec-
ondary leptons and hadron tracks misidentified as leptons.
Scale factors for the normalization of these two MC
components are determined from fits to the p�ðlÞ distri-
butions of the Dþ

s lþ samples. The obtained scale factors
are in agreement within the fit uncertainties of about 10%.
A variation of the normalizations of the two components in

the Dð�Þ−
s lþ samples within this 10% uncertainty changes

the signal yields between 1.0% and 2.5%, depending on the
reconstructed channel. We also vary the fraction of Bs
decays in the opposite-BðsÞ component by 20%, corre-
sponding to the uncertainty of the Bs production rate, fs
[31]. The resulting change of the signal yields is less than
0.2%. The shape uncertainty of the opposite-BðsÞ compo-
nent is evaluated in a data-driven way by using again the
Dþ

s lþ samples, from which the event yields are determined
in the three counting regions with the identical procedure as
applied in the measurement. We calculate the ratios of data
and MC yields for each counting region. These ratios range
from 0.86 to 0.91 for electrons and from 0.96 to 0.97 for
muons. We then modify the MC predictions for the
opposite-BðsÞ component in the D−

s lþ simulation accord-
ingly and study the impact on the measurement. The results
change by less than 0.4%, so an uncertainty of 1% on the
modeling of the opposite-BðsÞ component is a reasonable
estimate, considering the differences between the Dþ

s lþ
control samples and the D−

s lþ signal samples. The
described approach cannot be transferred to the D�−

s lþ

TABLE V. Relative systematic uncertainties on the signal
yields in %.

DsXeν DsXμν D�
sXeν D�

sXμν

Detector
Tracking efficiency 1.4 1.4 1.4 1.4
Photon efficiency � � � � � � 2.0 2.0
Kaon and pion ID 1.4 1.4 1.4 1.4
Lepton efficiency 1.0 1.6 1.0 1.6
Hadron misidentification 0.1 1.3 0.1 1.9

Signal and background modeling
PDF for MKKπ and ΔM fits 3.0 3.0 5.0 5.0
Continuum shape 1.2 0.3 1.2 0.3

B → Dð�Þ
s Klν modeling 0.3 0.3 0.1 0.1

Signal
Composition 4.8 4.8 0.3 < 0.1
Form factors 0.9 1.0 1.0 1.0
Efficiency 3.1 3.1 3.0 3.0
Opposite-BðsÞ background
Composition 1.6 2.2 1.0 2.5
Bs fraction 0.2 0.2 < 0.1 < 0.1
Shape 1.0 1.0 1.0 1.0

Same-BðsÞ background
Composition and shape 0.3 0.3 0.4 0.7
Bs production mode 0.1 0.1 0.3 0.3
Beam energy 1.0 1.0 0.5 0.5

Total 7.3 7.6 6.9 7.6
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measurements because of the smaller sample sizes.
However, the composition of the opposite-BðsÞ background
in the D�−

s lþ sample is similar to the one in the D−
s lþ

sample and hence the same uncertainty is assigned.
The decays contributing to the same-BðsÞ background

component can be grouped into four classes with the
corresponding fraction in the electron/muon channel given

in parentheses: BðsÞ → Dð�Þ
s Xc decays (70%/48%), leptons

stemming from τ produced via Bs and Ds decays (21%/
16%) and hadrons misidentified as leptons (9%/34%).
There are no significant differences in the composition
between the D−

s lþ and the D�−
s lþ channels. We vary the

fraction of leptons from τ decays and the fraction of
misidentified hadrons by�50% and take half the difference
of the resulting signal yields as the systematic uncertainty,
which is below 1% for all measurements. Potential model-
ing uncertainties of the same-BðsÞ component are assumed
to be covered by the large variation of the composition.
We estimate the impact of the uncertainty on the

different Bs production channels at the Υð5SÞ energy
by scaling the BsB̄�

s component up and down by 30% and
assign half of the change in the signal yield as the
systematic uncertainty of 0.1% and 0.3% for the D−

s lþ
and D�−

s lþ modes, respectively. The beam energy is
conservatively varied by �3 MeV and signal yield var-
iations of 1% and 0.5% are observed for the D−

s lþ and
D�−

s lþ modes, respectively.

VII. RESULTS AND DISCUSSION

The semi-inclusive semileptonic Bs branching fractions
are calculated from Eq. (3). Since the Ds → KþK−πþ
reconstruction mode is also used in the determination
of NBsB̄s

[23], the BðDþ
s → KþK−πþÞ branching fraction

cancels out. Using the branching fraction ratio BðDþ
s →

ϕπþÞ=BðDs→KþK−πþÞ¼ð41.6�0.8Þ% and the branch-
ing fraction BðD�

s → DsγÞ ¼ ð94.2� 0.7Þ% [31], we
obtain the semi-inclusive branching fractions:

DsXeν∶ ½8.1� 0.3ðstatÞ � 0.6ðsystÞ � 1.4ðextÞ�%;

DsXμν∶ ½8.3� 0.3ðstatÞ � 0.6ðsystÞ � 1.5ðextÞ�%;

D�
sXeν∶ ½5.2� 0.6ðstatÞ � 0.4ðsystÞ � 0.9ðextÞ�%;

D�
sXμν∶ ½5.7� 0.6ðstatÞ � 0.4ðsystÞ � 1.0ðextÞ�%:

The first uncertainty is the statistical uncertainty of the data
and MC samples, the second is the systematic uncertainty
of the measurement, and the last uncertainty is due to the
external measurements ofNBsB̄s

and B
Dð�Þ

s
. The electron and

muon samples are statistically independent because only
one candidate is selected per event. Taking into account that
the systematic uncertainties are all correlated except the one
for lepton identification, we calculate the combination of
the measurements as weighted averages:

DsXlν∶ ½8.2� 0.2ðstatÞ � 0.6ðsystÞ � 1.4ðextÞ�%;

D�
sXlν∶ ½5.4� 0.4ðstatÞ � 0.4ðsystÞ � 0.9ðextÞ�%:

The obtained Bs → DsXlν branching fraction can
be compared to the difference between the inclusive
branching fraction, BðBs → XclνÞ, and the branching
fraction of the D��

s lν modes, where the D��
s does not

decay to a Ds meson. The value of BðBs → XclνÞ is
estimated to be ð10.0� 0.4Þ%, using the branching
fraction BðB0 → XclνÞ [31,45], an estimate for the ratio
of the semileptonic widths of the Bs and B0 meson,
ΓslðBsÞ=ΓslðB0Þ ¼ 0.99 [46] and the measured lifetimes of
the B0 and Bs mesons [31].
We assume that only the semileptonic decay modes with

Ds1ð2536Þ and Ds2ð2573Þ mesons do not contain Ds
mesons in the final state. We obtain the estimate,

BestðBs → DsXlνÞ ¼ BðBs → XclνÞ
· ½1 − BðBs → Ds2XlνÞ=BðBs → XclνÞ
− BðBs → Ds1XlνÞ=BðBs → XclνÞ� ¼ ð9.1� 0.4Þ%;

ð10Þ

where the ratios BðBs → Ds2XlνÞ=BðBs → XclνÞ ¼
½3.3� 1.0ðstatÞ � 0.4ðsystÞ�% and BðBs→Ds1XlνÞ=
BðBs →XclνÞ¼ ½5.4�1.2ðstatÞ�0.5ðsystÞ�% were mea-
sured at LHCb [47]. The result of our measurement is in
agreement with the estimate, BestðBs → DsXlνÞ. The rate
of Bs → D��

s lν;D��
s → D�

sX decays can be constrained
from the comparison between the measured semi-inclusive
branching fraction, BðBs → D�

sXlνÞ with the exclusive
theory predictions for BðBs → D�

slνÞ. For example, using
the prediction from Ref. [8], one obtains BðBs →
D��

s lν;D��
s → D�

sXÞ < 2.0% at the 90% confidence level.
The measurement can also be used to determine NBsB̄s

using the estimate of the Bs → DsXlν branching fraction
from Eq. (10):

NBsB̄s
¼ Nsig=½ϵBðDs → ϕðKþK−ÞπþÞ�

2BestðBs → DsXlνÞ
: ð11Þ

For Nsig=ϵ, we insert the weighted average of the
electron and muon modes, Nsig=ϵ ¼ ½26.7� 0.7ðstatÞ �
2.0ðsystÞ� × 103; for BðDs → ϕðKþK−ÞπþÞ, we use the
value ð2.24� 0.10Þ% [31]. We obtain NBsB̄s

¼ ½6.53�
0.17ðstatÞ � 0.49ðsystÞ � 0.41ðextÞ� × 106, corresponding

to the cross section σðeþe− → Bð�Þ
s B̄ð�Þ

s Þ ¼ ½53.8�
1.4ðstatÞ � 4.0ðsystÞ � 3.4ðextÞ� pb at the CM energyffiffiffi
s

p ¼ 10.86 GeV. The first two uncertainties are the
statistical and systematic uncertainties from the measure-
ment, respectively, and the last uncertainty is due to
BðDs→ϕðKþK−ÞπþÞ and BestðBs→DsXlνÞ. The obtained
result is in agreement with NBsB̄s

¼ ð7.1� 1.3Þ × 106

SEMI-INCLUSIVE STUDIES OF SEMILEPTONIC Bs … PHYSICAL REVIEW D 92, 072013 (2015)

072013-11



obtained by Belle with a different technique [23] and has a
significantly improved precision.

VIII. SUMMARY

We have presented the first measurements of the semi-
inclusive branching fractions of Bs → DsXlν and Bs →
D�

sXlν decays. The measured branching fractions are
BðBs→DsXlνÞ¼ ½8.2�0.2ðstatÞ�0.6ðsystÞ�1.4ðextÞ�%
and BðBs → D�

sXlνÞ ¼ ½5.4 � 0.4ðstatÞ � 0.4ðsystÞ �
0.9ðextÞ�%. In addition, the analysis of these decays

provides the currently most precise estimate of the Bð�Þ
s B̄ð�Þ

s

production cross section at theCMenergy
ffiffiffi
s

p ¼ 10.86 GeV:

σðeþe− → Bð�Þ
s B̄ð�Þ

s Þ ¼ ½53.8 � 1.4ðstatÞ � 4.0ðsystÞ �
3.4ðextÞ� pb.
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