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V. Re,55 V. Speziali,55 E. D. Frank,56 L. Gladney,56 Q. H. Guo,56 J. Panetta,56 C. Angelini,57 G. Batignani,57

S. Bettarini,57 M. Bondioli,57 M. Carpinelli,57 F. Forti,57 M. A. Giorgi,57 A. Lusiani,57 F. Martinez-Vidal,57

M. Morganti,57 N. Neri,57 E. Paoloni,57 M. Rama,57 G. Rizzo,57 F. Sandrelli,57 G. Simi,57 G. Triggiani,57

J. Walsh,57 M. Haire,58 D. Judd,58 K. Paick,58 L. Turnbull,58 D. E. Wagoner,58 J. Albert,59 P. Elmer,59 C. Lu,59

K. T. McDonald,59 V. Miftakov,59 S. F. Schaffner,59 A. J. S. Smith,59 A. Tumanov,59 E. W. Varnes,59 G. Cavoto,60

D. del Re,60 R. Faccini,14, 60 F. Ferrarotto,60 F. Ferroni,60 E. Lamanna,60 E. Leonardi,60 M. A. Mazzoni,60

S. Morganti,60 G. Piredda,60 F. Safai Tehrani,60 M. Serra,60 C. Voena,60 S. Christ,61 R. Waldi,61 T. Adye,62 N. De
Groot,8, 62 B. Franek,62 N. I. Geddes,62 G. P. Gopal,62 S. M. Xella,62 N. Copty,63 M. V. Purohit,63 H. Singh,63

F. X. Yumiceva,63 I. Adam,64 P. L. Anthony,64 D. Aston,64 K. Baird,64 N. Berger,64 E. Bloom,64 A. M. Boyarski,64

F. Bulos,64 G. Calderini,64 M. R. Convery,64 D. P. Coupal,64 D. H. Coward,64 J. Dorfan,64 W. Dunwoodie,64

R. C. Field,64 T. Glanzman,64 G. L. Godfrey,64 S. J. Gowdy,64 P. Grosso,64 T. Haas,64 T. Himel,64 T. Hryn’ova,64

M. E. Huffer,64 W. R. Innes,64 C. P. Jessop,64 M. H. Kelsey,64 P. Kim,64 M. L. Kocian,64 U. Langenegger,64

D. W. G. S. Leith,64 S. Luitz,64 V. Luth,64 H. L. Lynch,64 H. Marsiske,64 S. Menke,64 R. Messner,64 K. C. Moffeit,64

R. Mount,64 D. R. Muller,64 C. P. O’Grady,64 V. E. Ozcan,64 M. Perl,64 S. Petrak,64 H. Quinn,64

B. N. Ratcliff,64 S. H. Robertson,64 L. S. Rochester,64 A. Roodman,64 T. Schietinger,64 R. H. Schindler,64

J. Schwiening,64 V. V. Serbo,64 A. Snyder,64 A. Soha,64 S. M. Spanier,64 J. Stelzer,64 D. Su,64 M. K. Sullivan,64

H. A. Tanaka,64 J. Va’vra,64 S. R. Wagner,64 A. J. R. Weinstein,64 W. J. Wisniewski,64 D. H. Wright,64

C. C. Young,64 P. R. Burchat,65 C. H. Cheng,65 D. Kirkby,65 T. I. Meyer,65 C. Roat,65 R. Henderson,66

W. Bugg,67 H. Cohn,67 A. W. Weidemann,67 J. M. Izen,68 I. Kitayama,68 X. C. Lou,68 F. Bianchi,69 M. Bona,69

D. Gamba,69 A. Smol,69 L. Bosisio,70 G. Della Ricca,70 L. Lanceri,70 P. Poropat,70 G. Vuagnin,70 R. S. Panvini,71

C. M. Brown,72 P. D. Jackson,72 R. Kowalewski,72 J. M. Roney,72 H. R. Band,73 E. Charles,73 S. Dasu,73

F. Di Lodovico,73 A. M. Eichenbaum,73 H. Hu,73 J. R. Johnson,73 R. Liu,73 Y. Pan,73 R. Prepost,73 I. J. Scott,73

S. J. Sekula,73 J. H. von Wimmersperg-Toeller,73 S. L. Wu,73 Z. Yu,73 T. M. B. Kordich,74 and H. Neal74

(The BABAR Collaboration)
1Laboratoire de Physique des Particules, F-74941 Annecy-le-Vieux, France
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New measurements of D+
s and D∗+

s meson production rates from B decays and from qq continuum
events near the Υ (4S) resonance are presented. Using 20.8 fb−1 of data on the Υ (4S) resonance
and 2.6 fb−1 off resonance, we find the inclusive branching fractions B(B → D+

s X) = (10.93 ±
0.19 ± 0.58 ± 2.73)% and B(B → D∗+

s X) = (7.9 ± 0.8 ± 0.7 ± 2.0)%, where the first error is
statistical, the second is systematic, and the third is due to the D+

s → φπ+ branching fraction
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uncertainty. The branching fractions ΣB(B → D
(∗)+
s D(∗)) = (5.07 ± 0.14 ± 0.30 ± 1.27)% and

ΣB(B → D∗+
s D(∗)) = (4.1± 0.2± 0.4± 1.0)% are determined from the D

(∗)+
s momentum spectra.

PACS numbers: 13.25.Hw, 13.25.-k, 14.40.Nd

I. INTRODUCTION

The decay of B mesons into final states involving a
D

(∗)+
s provides an opportunity to study the production

mechanisms for cs quark pairs1. Although several di-
agrams can lead to D

(∗)+
s production in B decays, the

dominant source [1] is expected to be external W+ → cs
emission (Fig. 1). A precise knowledge of this produc-
tion rate remains interesting in light of continuing the-
oretical difficulties [2] in accounting for the measure-
ments of both the semileptonic branching fraction and
the inclusive charm production rate in B decays. In-
deed, it has been noted that an enhanced B decay rate
to charm would help explain the small observed semilep-
tonic rate [3].

It is possible to produce D
(∗)+
s mesons in qq events

from continuum e+e− annihilation. The process of
fragmentation (i.e., formation of hadrons) is non-
perturbative and can only be modeled phenomenologi-
cally. The ratio of vector to pseudoscalar production
rates is of particular interest for testing such models. The
D+

s system is well suited to measure this quantity because
the cs states with L = 1 have not been observed to decay
to either D+

s or D∗+
s mesons.

In this report, measurements of B → D+
s X and B →

D∗+
s X production rates and momentum spectra are pre-

sented. We also determine the production cross section

c

W +

b q

sD
s

*(  )+

FIG. 1: The main spectator diagram leading to the produc-

tion of D
(∗)+
s mesons in B decays.

∗Also with Università di Perugia, Perugia, Italy
†Also with Università della Basilicata, Potenza, Italy

[1] Reference in this paper to a specific decay channel or state also

implies the charge-conjugate decay or state. The notation D
(∗)+
s

means either D+
s or D∗+

s . B → D
(∗)+
s D(∗) is a general repre-

sentation for any of the modes with cs and cq states including

their excited states. The notation B → D
(∗)+
s X also implies

B → D
(∗)+
s X.

for D+
s and D∗+

s mesons in continuum events.

II. THE BABAR DETECTOR AND DATA SET

The data used for this analysis were collected with the
BABAR detector [4] at the PEP-II asymmetric-energy col-
lider [5] at the Stanford Linear Accelerator Center. An
integrated luminosity of 20.8 fb−1 was recorded in 1999
and 2000 at the Υ (4S) resonance (“on-resonance”) cor-
responding to about 22.7×106 produced BB pairs, and
2.6 fb−1 at an energy about 40MeV below the Υ (4S)
mass (“off-resonance”). A detailed description of the
BABAR detector can be found in Ref. [4]. Only the com-
ponents of the detector most crucial to this analysis are
summarized below.

A five-layer double-sided silicon vertex tracker (SVT)
and a 40-layer central drift chamber (DCH) filled with
helium-based gas are used to measure the momenta of
charged particles. The tracking system covers 92% of the
solid angle in the center-of-mass frame and lies within
a 1.5-T solenoidal magnetic field. For charged-particle
identification, ionization-energy loss (dE/dx) in the DCH
and SVT, and Cherenkov radiation detected in a ring-
imaging device (DIRC) are used. Photons are identified
and measured by a CsI(Tl) electromagnetic calorimeter.

III. THE D+
s AND D∗+

s SELECTION

Only the decay mode D+
s → φπ+ with φ → K+K−

is used since it has the best signal-to-background ratio.
Charged tracks are required to originate within ±10 cm
of the interaction point along the beam direction and
±1.5 cm in the transverse plane, and to leave at least 12
hits in the DCH.

Positive kaon identification is required for the tracks
forming the candidate φ meson. This is based on dE/dx
information from the DCH and SVT, and the Cherenkov
angle and the number of photons measured with the
DIRC. The kaon selection is based on the likelihood cal-
culated for each detector component and uses, for each
track, the ratio of likelihoods for the pion and the kaon
mass hypotheses, Lπ/LK . If this ratio is less than unity
for at least one of the detector subsystems, the particle is
selected as a “loose” kaon candidate. A “tight” identifi-
cation criterion is also used in the analysis, based on the
product of the likelihoods for each detector component.
In this case the track is considered a kaon if the ratio
of these product likelihoods for the pion- and kaon-mass
hypotheses is less than unity.

Three charged tracks originating from a common ver-
tex are combined to form a D+

s candidate. Two oppo-
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sitely charged tracks must be identified as kaons with the
“loose” criterion, and at least one of them must pass the
“tight” criterion. No identification criteria are applied
to the pion from D+

s decay. The reconstructed invariant
mass of the K+K− candidates must be within 8 MeV/c2

of the nominal φ mass [6]. In the decay D+
s → φπ+,

the φ meson is polarized longitudinally and therefore the
angular distribution of the kaons has a cos2 θH depen-
dence, where θH is the angle between the K+ and D+

s

in the φ rest frame. We require | cos θH | > 0.3, which
Monte Carlo studies show retains 97% of the signal while
rejecting about 30% of the background.

With these requirements, signals for D+
s → φπ+ and

the Cabibbo-suppressed decay D+ → φπ+ are readily ob-
served (Fig. 2a). The D+

s and D+ peaks are both fit with
single Gaussian distributions with a common free width.
We model the combinatorial background with an expo-
nential function. From the fit a D+

s signal of 47794±311
events is found with a mass difference m(D+

s ) −m(D+)
of 98.4± 0.1± 0.3 MeV/c2. The first error on the latter is
statistical, and the second is systematic, obtained from a
study of the mass difference as a function of momentum
in both data and Monte Carlo simulation. Although the
uncertainties in the absolute mass scale are on the order
of several MeV/c2, the systematic error in the determina-
tion of the D+

s and D+ mass difference is much smaller,
since many sources of error cancel.

Candidate D∗+
s mesons are reconstructed in the decay

D∗+
s → D+

s γ, with the subsequent decay D+
s → φπ+.

D+
s candidates are selected by requiring the φπ invariant

mass to be within 2.5 standard deviations (σ) of the fit-
ted peak value. These D+

s candidates are then combined
with photon candidates in the event. Photon candidates
are required to satisfy Eγ > 50 MeV, where Eγ is the pho-
ton energy in the laboratory frame, and E∗

γ > 110 MeV,
where E∗

γ is the photon energy in the Υ (4S) center-of-
mass. When combined with any other photon in the
event, the photon candidate should not form a π0, defined
by a total center-of-mass energy E∗

γγ > 200 MeV and an
invariant mass 115 < Mγγ < 155 MeV/c2. The distribu-
tion of the mass difference ∆M = M(D+

s γ)−M(D+
s ) is

shown in Fig. 2b.
The ∆M distribution of the signal is parameterized

with an asymmetric function to account for energy leak-
age and calorimeter shower shape fluctuations. The sig-
nal is modeled with a Crystal Ball function [7], which in-
corporates a Gaussian core with a power-law tail toward
lower masses. For the background, a threshold function

f(∆M) = p1(∆M − p2)p3ep4(∆M−p2)

is used, where the four parameters pi are free in the
fit. After ensuring that the connection point between
the Gaussian and power-law tail does not depend on mo-
mentum and agrees with Monte Carlo simulation, this
parameter has been fixed to 0.89σ in the final fit. A
signal with 14392± 376 D∗+

s events is observed.
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FIG. 2: (a) The φπ invariant mass spectrum. In addition to
the D+

s signal, candidates for the Cabibbo-suppressed decay
D+ → φπ+ are also observed. The fit function is a single
Gaussian for each peak, with widths constrained to be equal,
plus an exponential background. (b) Distribution of the mass
difference ∆M = M

D+
s γ

−M
D+

s
. The fit function is a Crys-

tal Ball function for the signal plus a threshold function, as
described in the text.

IV. EXTRACTION OF D
(∗)+
s MOMENTUM

SPECTRA

The momentum spectrum of D+
s mesons in the e+e−

center-of-mass frame is extracted by fitting the φπ in-
variant mass distribution for 24 ranges of D+

s candidate
momentum. These ranges are 200 MeV/c wide, which is
much larger than the momentum resolution (≈ 6 MeV/c).
The same function with two single-Gaussians described
above for the fit to the full mass distribution is used as
well for the individual momentum bins. Since there are
many more events in the on-resonance data sample, the
number of D+

s in the off-resonance data is extracted with
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the Gaussian parameters (MD+ , MD+
s

and σ) fixed to the
values obtained from the on-resonance data.

The center-of-mass momentum spectrum for D∗+
s

mesons is extracted by fitting the ∆M invariant mass
distribution in 250 MeV/c wide D∗+

s momentum ranges.
We use a larger range because the D∗+

s yield is lower.
The ∆M distributions are modeled with a Crystal Ball
function for the signal and a threshold function for the
background as described above for the fit to the full dis-
tribution. The off-resonance data are again fit with the
Gaussian parameters (x and σ) fixed to the values ob-
tained from the on-resonance data.

The efficiency ε, obtained from Monte Carlo simulation
of BB and cc events, varies as a function of the D

(∗)+
s

center-of-mass momentum p∗. The efficiency ranges from
20% (5%) when the D+

s (D∗+
s ) is at rest to 40% (20%)

for p∗ = 5 GeV/c. The efficiency-corrected momentum
spectra of D+

s and D∗+
s are shown in Fig. 3.

V. INCLUSIVE BRANCHING FRACTIONS

The D+
s and D∗+

s production cross sections in qq con-
tinuum are obtained by integrating the momentum spec-
tra obtained from the off-resonance data. This gives

σ(e+e− → D±
s X)×B(D+

s → φπ+) = 7.55±0.20±0.34 pb,

σ(e+e− → D∗±
s X)×B(D+

s → φπ+) = 5.8±0.7±0.5 pb,

where the first error is statistical and second systematic.
Sources of systematic error are listed in Table I. These
include the statistical precision of the Monte Carlo de-
termination of the efficiency, the luminosity uncertainty,
and contributions from residual uncertainties on track-
ing (1.2% per track) and particle identification efficien-
cies, which are determined from control samples in data.
In addition, for the D∗±

s X measurement, there are con-
tributions from the uncertain signal shape, and residual
uncertainties on the photon and π0 veto efficiencies, again
determined with control samples.

In order to determine the momentum spectra for D
(∗)+
s

mesons from B meson decays, the off-resonance data are
scaled by the on- to off-resonance luminosity ratio and
then subtracted bin-by-bin from the on-resonance data.
Integrating the resulting spectrum after continuum sub-
traction and efficiency correction gives a total D+

s yield
from B meson decays of 87711± 1485 events. This cor-
responds to an inclusive branching fraction of

B(B → D+
s X) =

[
(10.93±0.19±0.58)× (3.6± 0.9)%

B(D+
s → φπ+)

]
%.

Likewise, the total D∗+
s yield from B meson decays is

60047 ± 6201 events, leading to the inclusive branching
fraction of

B(B → D∗+
s X) =

[
(7.9±0.8±0.7)× (3.6± 0.9)%

B(D+
s → φπ+)

]
%.
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FIG. 3: Efficiency-corrected center-of-mass momentum spec-
tra for (a) D+

s and (b) D∗+
s for on-resonance (filled circles)

and scaled off-resonance data (open circles).

In the results above, the first error is statistical and
the second is systematic. The dominant error, due to
the uncertainty in the D+

s → φπ+ branching fraction of
(3.6 ± 0.9)% [6], is shown separately. It is important to
note that, with this method, the result is independent
of any assumption regarding the shape of the fragmen-
tation function. The various contributions to the sys-
tematic error are listed in Table I. In addition to the
sources already noted above, the uncertainty in the shape
of the background impacts this measurement, particu-
larly in the lower momentum bins. This contribution is
estimated with the use of different parameterizations for
the background shape and different methods for handling
the continuum subtraction. The efficiency variation over
the width of the momentum bins is also included as an
additional systematic error.
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TABLE I: Systematic errors for cross section and branching
fraction measurements.

Source Fractional Error (%)
Continuum B Decays

D+
s X D∗+

s X D+
s X D∗+

s X
Signal shape 3.0 0.5 3.0
Background subtraction 0.4 4.2
Monte Carlo statistics 1.0 4.8 2.5 4.2
Bin width 1.4 2.0

Total for D
(∗)+
s yield 1.0 5.7 2.9 7.0

Luminosity/N(BB) 1.5 1.5 1.6 1.6
B(φ → K+K−) 1.6 1.6 1.6 1.6
Particle identification 1.0 1.0 1.0 1.0
Tracking efficiency 3.6 3.6 3.6 3.6
B(D∗+

s → D+
s γ) 2.7 2.7

Photon efficiency 1.3 1.3
π0 veto 2.7 2.7
Total systematic error 4.5 8.2 5.3 9.0

VI. FITS TO D
(∗)+
s MOMENTUM SPECTRA

By fitting the D
(∗)+
s momentum spectrum, relative

branching fractions of B decays to different final states
containing D

(∗)+
s mesons are obtained. In the Υ (4S) rest

frame, two-body B decays produce D
(∗)+
s mesons with

a momentum spectrum about 300 MeV/c wide. In B de-
cays, the D

(∗)+
s momentum spectrum is essentially gov-

erned by the production of direct D
(∗)+
s . Other cs states

(with L = 1), such as D+
s1(2536) and D∗+

s2 (2573), pri-
marily decay to D(∗)K. Because D∗+

s decays to D+
s γ or

D+
s π0, the D+

s momentum distribution is slightly broader
and shifted downward compared to direct production
from B → D+

s X .
Three different sources of D

(∗)+
s mesons in B decays

are considered for the fits to the momentum spectra.

(1) B → D
(∗)+
s D(∗) decays. The relative branching

fractions of the individual channels can be taken
either from existing measurements [8] or from pre-
dictions that assume factorization [9–11]. The fit
is performed for both cases, with the assumption
fD∗+

s
= fD+

s
for the theoretical models, where

f
D

(∗)+
s

are the D
(∗)+
s decay constants.

(2) B → D
(∗)+
s D∗∗ decays. Four D∗∗ states are con-

sidered: D∗
0(j = 1/2), D1(2420), D1(j = 1/2) and

D∗
2(2460). Observation of B → D

(∗)+
s D∗∗ decays

was recently reported by CLEO [12].

(3) Three-body B → D
(∗)+
s D(∗)π/ρ/ω decays. Since

little is known about these decays, they are at-
tributed equal weights, and the momentum distri-
butions are generated according to phase space.

Minimum-χ2 fits to the D
(∗)+
s momentum spectra are

performed, where the total number of D
(∗)+
s events and

Type (1)

Type (2)

Type (3)

BABAR

p*  (GeV/c)

N
(D

s)
/ε

N
/ 2

00
 M

eV
/c

0

0.1

0.2

0 0.5 1 1.5 2 2.5

Type (1)
Type (2)
Type (3)

BABAR

p* (GeV/c)

N
(D

s* )
/ε

N
/ 2

50
 M

eV
/c

0

0.1

0.2

0.3

0.4

0 0.5 1 1.5 2 2.5

FIG. 4: Fit results for (a) D+
s and (b) D∗+

s momentum spec-
tra. The data are dots with error bars, and the histograms
are the components of the fit function described in the text.

Type (1) is B → D
(∗)+
s D(∗), Type (2) is B → D

(∗)+
s D∗∗ and

Type (3) is B → D
(∗)+
s D(∗)π/ρ/ω. The solid histogram is the

sum of the three components.

the fractions of the source (1) and (2) contributions are
free parameters. From the fits to the D+

s and D∗+
s spec-

tra, the ratios of two-body modes [source (1)] to the total
inclusive rate are determined to be

ΣB(B → D
(∗)+
s D(∗))

B(B → D+
s X)

= (46.4± 1.3± 1.4± 0.6)%,

ΣB(B → D∗+
s D(∗))

B(B → D∗+
s X)

= (53.3± 3.7± 3.1± 2.1)%.

The first error is statistical. The second error repre-
sents the systematic error due to the limited Monte Carlo
statistics and the background parameterization.

The last error is due to the model uncertainty. It is
obtained by varying the relative fractions of the modes
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contributing to each source of D
(∗)+
s listed above. The

fit is performed with alternative assumptions for the
relative contributions of the modes in source (1) taken
from theoretical predictions and measurements. Dif-
ferent weights for B → D+

s D∗∗ and B → D∗+
s D∗∗, as

well as different relative branching fractions of the four
modes within source (2), are used. For source (3), ei-
ther B → D

(∗)
s D(∗)π or B → D

(∗)
s D(∗)ρ/ω is assumed

to be dominant. The χ2 of the fit for the inclusive
D∗+

s momentum spectrum is lowest when the contri-
bution of B → D

(∗)
s D(∗)ρ/ω is dominant compared to

B → D
(∗)
s D(∗)π. The results of the fits to the D

(∗)+
s

momentum spectra are shown in Fig. 4 under the as-
sumption of equal weights for the individual contribu-
tions within sources (2) and (3), and with the weights of
the individual modes of source (1) taken from [11].

The sum of branching fractions for the two-body B →
D

(∗)
s D(∗) decays are obtained from the fits to the D

(∗)+
s

momentum spectra, where the yield from each source is
a free parameter. We find

ΣB(B → D(∗)+
s D(∗)) = (5.07± 0.14± 0.30± 1.27)%,

ΣB(B → D∗+
s D(∗)) = (4.1± 0.2± 0.4± 1.0)%,

where the first error is statistical, the second is system-
atic, and the third is due to the D+

s → φπ+ branching
fraction uncertainty. The systematic error includes con-
tributions from the B → D

(∗)+
s X branching fractions,

the relative contributions of source (1), and model de-
pendence of the source spectra. The sum of the two-body
modes is reasonably separated in the momentum spectra
from the other components. Therefore, the fractional er-
ror on the sum of the two-body modes is smaller than the

fractional error on the B → D
(∗)+
s X branching fraction

or the relative two-body branching ratio.

VII. SUMMARY

In summary, the branching fractions for inclusive B →
D

(∗)+
s X production have been determined as well as the

D
(∗)+
s production cross sections from continuum events

at center-of-mass energies about 40 MeV below the Υ (4S)
mass. Our more precise results for the D+

s are in agree-
ment with previous measurements [8, 13], while the D∗+

s

measurements are new. In contrast to previous results,
our measurements do not rely on any assumptions re-
garding the shape of the fragmentation function. Fi-
nally, fits to the D

(∗)+
s momentum spectra provide rel-

ative yields and branching fractions for two-body B →
D

(∗)+
s D(∗) and B → D∗+

s D(∗) decays. The mass differ-
ence m(D+

s )−m(D+) has also been measured.
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