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70Universitàdi Trieste, Dipartimento di Fisica and INFN, I-34127 Trieste, Italy

71Vanderbilt University, Nashville, Tennessee 37235
72University of Victoria, Victoria, British Columbia, Canada V8W 3P6

73University of Wisconsin, Madison, Wisconsin 53706
74Yale University, New Haven, Connecticut 06511

~Received 25 January 2002; published 15 May 2002!

New measurements ofDs
1 andDs*

1 meson production rates fromB decays and fromqq̄ continuum events
near theY(4S) resonance are presented. Using 20.8 fb21 of data on theY(4S) resonance and 2.6 fb21

off-resonance, we find the inclusive branching fractionsB(B→Ds
1X)5(10.9360.1960.5862.73)% and

B(B→Ds*
1X)5(7.960.860.762.0)%, where the first error is statistical, the second is systematic, and the

third is due to theDs
1→fp1 branching fraction uncertainty. The production cross sectionss(e1e2

→Ds
1X)3B(Ds

1→fp1)57.5560.2060.34 pb ands(e1e2→Ds*
6X)3B(Ds

1→fp1)55.860.760.5 pb
are measured at center-of-mass energies about 40 MeV below theY(4S) mass. The branching fractions

SB(B→Ds
(* )1D̄ (* ))5(5.0760.1460.3061.27)% andSB(B→Ds*

1D̄ (* ))5(4.160.260.461.0)% are de-
termined from the Ds

(* )1 momentum spectra. The mass differencem(Ds
1)2m(D1)598.460.1

60.3 MeV/c2 is also measured.

DOI: 10.1103/PhysRevD.65.091104 PACS number~s!: 13.25.Hw, 14.40.Nd

*Also at Universita` di Perugia, Perugia, Italy.
†Also at Universita` della Basilicata, Potenza, Italy.
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I. INTRODUCTION

The decay ofB mesons into final states involving aDs
(* )1

provides an opportunity to study the production mechanis
for cs̄ quark pairs.1 Although several diagrams can lead
Ds

(* )1 production inB decays, the dominant source@1# is
expected to be externalW1→cs̄ emission@Fig. 1#. A precise
knowledge of this production rate remains interesting in lig
of continuing theoretical difficulties@2# in accounting for the
measurements of both the semileptonic branching frac
and the inclusive charm production rate inB decays. Indeed
it has been noted that an enhancedB decay rate to charm
would help explain the small observed semileptonic rate@3#.

It is possible to produceDs
(* )1 mesons inqq̄ events from

continuume1e2 annihilation. The process of fragmentatio
~i.e., formation of hadrons! is nonperturbative and can onl
be modeled phenomenologically. The ratio of vector to ps
doscalar production rates is of particular interest for test
such models. TheDs

1 system is well suited to measure th
quantity because thecs̄ states withL51 have not been ob
served to decay to eitherDs

1 or Ds*
1 mesons.

In this Rapid Communication, measurements ofB
→Ds

1X and B→Ds*
1X production rates and momentu

spectra are presented. We also determine the produc
cross section forDs

1 andDs*
1 mesons in continuum events

II. THE BABAR DETECTOR AND DATA SET

The data used for this analysis were collected with
BABAR detector@4# at the PEP-II asymmetric-energy co
lider @5# at the Stanford Linear Accelerator Center. An int
grated luminosity of 20.8 fb21 was recorded in 1999 an
2000 at theY(4S) resonance~‘‘on-resonance’’! correspond-

ing to about 22.73106 producedBB̄ pairs, and 2.6 fb21 at an
energy of about 40 MeV below theY(4S) mass ~‘‘off-
resonance’’!. A detailed description of the BABAR detecto
can be found in Ref.@4#. Only the components of the dete
tor 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
ticles. The tracking system covers 92% of the solid angle
the center-of-mass frame and lies within a 1.5-T soleno
magnetic field. For charged-particle identificatio
ionization-energy loss (dE/dx) in the DCH and SVT, and
Cherenkov radiation detected in a ring-imaging dev
~DIRC! are used. Photons are identified and measured
CsI~T1! electromagnetic calorimeter.

1Reference in this paper to a specific decay channel or state
implies the charge-conjugate decay or state. The notationDs

(* )1

means eitherDs
1 or Ds*

1 . B→Ds
(* )1D̄ (* ) is a general represen

tation for any of the modes withcs̄ and c̄q states including their

excited states. The notationB→Ds
(* )1X also implies B̄

→Ds
(* )1X.
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III. THE Ds
¿ AND Ds*

¿ SELECTION

Only the decay modeDs
1→fp1 with f→K1K2 is used

since it has the best signal-to-background ratio. Char
tracks are required to originate within610 cm of the inter-
action point along the beam direction and61.5 cm in the
transverse plane, and to leave at least 12 hits in the DC

Positive kaon identification is required for the trac
forming the candidatef meson. This is based ondE/dx
information from the DCH and SVT, and the Cherenk
angle and the number of photons measured with the DIR
The kaon selection is based on the likelihood calculated
each detector component and uses, for each track, the rat
likelihoods for the pion and the kaon mass hypothes
Lp /LK . If this ratio is less than unity for at least one of th
detector subsystems, the particle is selected as a ‘‘loo
kaon candidate. A ‘‘tight’’ identification criterion is also use
in the analysis, based on the product of the likelihoods
each detector component. In this case, the track is consid
a kaon if the ratio of these product likelihoods for the pio
and kaon-mass hypotheses is less than unity.

Three charged tracks originating from a common ver
are combined to form aDs

1 candidate. Two oppositely
charged tracks must be identified as kaons with the ‘‘loos
criterion, and at least one of them must pass the ‘‘tigh
criterion. No identification criteria are applied to the pio
from Ds

1 decay. The reconstructed invariant mass of
K1K2 candidates must be within 8 MeV/c2 of the nominalf
mass@6#. In the decayDs

1→fp1, thef meson is polarized
longitudinally and therefore the angular distribution of t
kaons has a cos2 uH dependence, whereuH is the angle be-
tween theK1 and Ds

1 in the f rest frame. We require
ucosuHu.0.3, which Monte Carlo studies show retains 97
of the signal while rejecting about 30% of the backgroun

With these requirements, signals forDs
1→fp1 and the

Cabibbo-suppressed decayD1→fp1 are readily observed
@Fig. 2~a!#. The Ds

1 and D1 peaks are both fit with single
Gaussian distributions with a common free width. We mo
the combinatorial background with an exponential functio
From the fit aDs

1 signal of 47 7946311 events is found with
a mass differencem(Ds

1)2m(D1) of 98.460.160.3
MeV/c2. The first error on the latter is statistical, and t
second is systematic, obtained from a study of the mass
ference as a function of momentum in both data and Mo
Carlo simulation. Although the uncertainties in the absol
mass scale are on the order of several MeV/c2, the systematic
error in the determination of theDs

1 andD1 mass difference
is much smaller, since many sources of error cancel.

lso

FIG. 1. The main spectator diagram leading to the production
Ds

(* )1 mesons inB decays.
4-4
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CandidateDs*
1 mesons are reconstructed in the dec

Ds*
1→Ds

1g, with the subsequent decayDs
1→fp1. Ds

1

candidates are selected by requiring thefp-invariant mass to
be within 2.5 standard deviations~s! of the fitted peak value
TheseDs

1 candidates are then combined with photon can
dates in the event. Photon candidates are required to sa
Eg.50 MeV, whereEg is the photon energy in the labora
tory frame, andEg* .110 MeV, whereEg* is the photon en-
ergy in theY(4S) center of mass. When combined with an
other photon in the event, the photon candidate should
form a p0, defined by a total center-of-mass energyEgg*
.200 MeV and an invariant mass 115,Mgg
,155 MeV/c2. The distribution of the mass differenc
DM5M (Ds

1g)2M (Ds
1) is shown in Fig. 2~b!.

TheDM distribution of the signal is parametrized with a
asymmetric function to account for energy leakage and c
rimeter shower shape fluctuations. The signal is mode

FIG. 2. ~a! The fp-invariant mass spectrum. In addition to th
Ds

1 signal, candidates for the Cabibbo-suppressed decayD1

→fp1 are also observed. The fit function is a single Gaussian
each peak, with widths constrained to be equal, plus an expone
background.~b! Distribution of the mass differenceDM5MD

s
1g

2MD
s
1. The fit function is a Crystal Ball function for the signa

plus a threshold function, as described in the text.
09110
y

i-
sfy

ot

o-
d

with a Crystal Ball function@7#, which incorporates a Gauss
ian core with a power-law tail toward lower masses. For
background, a threshold function

f ~DM !5p1~DM2p2!p3ep4~DM2p2!

is used, where the four parameterspi are free in the fit. After
ensuring that the connection point between the Gaussian
power-law tail does not depend on momentum and agr
with Monte Carlo simulation, this parameter has been fix
to 0.89s in the final fit. A signal with 14 3926376 Ds*

1

events is observed.

IV. EXTRACTION OF Ds
„* …¿ MOMENTUM SPECTRA

The momentum spectrum ofDs
1 mesons in thee1e2

center-of-mass frame is extracted by fitting thefp-invariant
mass distribution for 24 ranges ofDs

1 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
fit to the full mass distribution is used as well for the ind
vidual momentum bins. Since there are many more event
the on-resonance data sample, the number ofDs

1 in the off-
resonance data is extracted with the Gaussian param
~MD1, MD

s
1, ands! fixed to the values obtained from th

on-resonance data.
The center-of-mass momentum spectrum forDs*

1 mesons
is extracted by fitting theDM -invariant mass distribution in
250 MeV/c-wide Ds*

1 momentum ranges. We use a larg
range because theDs*

1 yield is lower. TheDM distributions
are modeled with a Crystal Ball function for the signal and
threshold function for the background as described above
the fit to the full distribution. The off-resonance data a
again fit with the Gaussian parameters~x̄ ands! fixed to the
values obtained from the on-resonance data.

The efficiencye, obtained from Monte Carlo simulation
of BB̄ and cc̄ events, varies as a function of theDs

(* )1

center-of-mass momentump* . The efficiency ranges from
20% ~5%! when theDs

1 (Ds*
1) is at rest to 40%~20%! for

p* 55 GeV/c. The efficiency-corrected momentum spec
of Ds

1 andDs*
1 are shown in Fig. 3.

V. INCLUSIVE BRANCHING FRACTIONS

The Ds
1 and Ds*

1 production cross sections inqq̄ con-
tinuum are obtained by integrating the momentum spe
obtained from the off-resonance data. This gives

s~e1e2→Ds
6X!3B~Ds

1→fp1!57.5560.2060.34 pb,

s~e1e2→Ds*
6X!3B~Ds

1→fp1!55.860.760.5 pb,

where the first error is statistical and the second system
Sources of systematic error are listed in Table I. These
clude the statistical precision of the Monte Carlo determi
tion of the efficiency, the luminosity uncertainty, and cont
butions from residual uncertainties on tracking~1.2% per
track!, and particle identification efficiencies, which are d

r
ial
4-5
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termined from control samples in data. In addition, for t
Ds*

6X measurement, there are contributions from the un
tain signal shape, and residual uncertainties on the ph
and p0 veto efficiencies, again determined with contr
samples.

In order to determine the momentum spectra forDs
(* )1

mesons fromB meson decays, the off-resonance data
scaled by the on- to off-resonance luminosity ratio and th
subtracted bin by bin from the on-resonance data. Integra
the resulting spectrum after continuum subtraction and e
ciency correction gives a totalDs

1 yield from B meson de-
cays of 87 71161485 events. This corresponds to an inc
sive branching fraction of

B~B→Ds
1X!5F ~10.9360.1960.58!

~3.660.9!%

B~Ds
1→fp1!G%.

Likewise, the totalDs*
1 yield from B meson decays is

60 04766201 events, leading to the inclusive branching fra
tion of

FIG. 3. Efficiency-corrected center-of-mass momentum spe
for ~a! Ds

1 and~b! Ds*
1 for on-resonance~filled circles! and scaled

off-resonance data~open circles!.
09110
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e
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B~B→Ds*
1X!5F ~7.960.860.7!

~3.660.9!%

B~Ds
1→fp1!G%.

In the results above, the first error is statistical and the s
ond is systematic. The dominant error, due to the uncerta
in the Ds

1→fp1 branching fraction of (3.660.9)% @6#, is
shown separately. It is important to note that, with th
method, the result is independent of any assumption reg
ing the shape of the fragmentation function. The various c
tributions to the systematic error are listed in Table I.
addition to the sources already noted above, the uncerta
in the shape of the background impacts this measurem
particularly in the lower momentum bins. This contributio
is estimated with the use of different parametrizations for
background shape and different methods for handling
continuum subtraction. The efficiency variation over t
width of the momentum bins is also included as an additio
systematic error.

VI. FITS TO Ds
„* …¿ MOMENTUM SPECTRA

By fitting the Ds
(* )1 momentum spectrum, relativ

branching fractions ofB decays to different final states con
tainingDs

(* )1 mesons are obtained. In theY(4S) rest frame,
two-body B decays produceDs

(* )1 mesons with a momen
tum spectrum about 300 MeV/c wide. In B decays, the
Ds

(* )1 momentum spectrum is essentially governed by
production of directDs

(* )1 . Other cs̄ states~with L51!,
such asDs1

1 (2536) and Ds2*
1(2573), primarily decay to

D (* )K. BecauseDs*
1 decays toDs

1g or Ds
1p0, the Ds

1

momentum distribution is slightly broader and shifted dow
ward compared to direct production fromB→Ds

1X.
Three different sources ofDs

(* )1 mesons inB decays are
considered for the fits to the momentum spectra.

~1! B→Ds
(* )1D̄ (* ) decays. The relative branching frac

ra

TABLE I. Systematic errors for cross-section and branch
fraction measurements.

Source

Fractional error~%!

Continuum B decays
Ds

1X Ds*
1X Ds

1X Ds*
1X

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 Ds
(* )1 yield 1.0 5.7 2.9 7.0

Luminosity/N(BB̄) 1.5 1.5 1.6 1.6

B(f→K1K2) 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(Ds*

1→Ds
1g) 2.7 2.7

Photon efficiency 1.3 1.3
p0 2.7 2.7
Total systematic error 4.5 8.2 5.3 9.0
4-6
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tions of the individual channels can be taken either fr
existing measurements@8# or from predictions that assum
factorization@9–11#. The fit is performed for both cases, wit
the assumptionf D

s
(* )15 f D

s
1 for the theoretical models

where f D
s
(* )1 are theDs

(* )1 decay constants.

~2! B→Ds
(* )1D̄** decays. FourD̄** states are consid

ered:D̄0* ( j 5 1
2 ), D̄1(2420), D̄1( j 5 1

2 ), andD̄2* (2460). Ob-

servation ofB→Ds
(* )1D̄** decays was recently reported b

CLEO @12#.
~3! Three-bodyB→Ds

(* )1D̄ (* )p/r/v decays. Since little
is known about these decays, they are attributed eq
weights, and the momentum distributions are generated
cording to phase space.

Minimum-x2 fits to theDs
(* )1 momentum spectra are pe

formed, where the total number ofDs
(* )1 events and the

fractions of the source~1! and ~2! contributions are free pa
rameters. From the fits to theDs

1 andDs*
1 spectra, the ratios

of two-body modes@source~1!# to the total inclusive rate are
determined to be

SB~B→Ds
~* !1D̄ ~* !!

B~B→Ds
1X!

5~46.461.361.460.6!%,

SB~B→Ds*
1D̄ ~* !!

B~B→Ds*
1X!

5~53.363.763.162.1!%.

The first error is statistical. The second error represents
systematic error due to the limited Monte Carlo statistics a
the background parametrization.

The last error is due to the model uncertainty. It is o
tained by varying the relative fractions of the modes contr
uting to each source ofDs

(* )1 listed above. The fit is per
formed with alternative assumptions for the relati
contributions of the modes in source~1! taken from theoret-
ical predictions and measurements. Different weights foB

→Ds
1D̄** and B→Ds*

1D̄** , as well as different relative
branching fractions of the four modes within source~2!, are
used. For source~3!, either B→Ds

(* )D̄ (* )p, or B

→Ds
(* )D̄ (* )r/v is assumed to be dominant. Thex2 of the fit

for the inclusiveDs*
1 momentum spectrum is lowest whe

the contribution ofB→Ds* D̄ (* )r/v is dominant compared

to B→Ds* D̄ (* )p. Uncertainty in source~3! is the main con-
tribution to the error due to model dependence. The result
the fits to theDs

(* )1 momentum spectra are shown in Fig.
under the assumption of equal weights for the individ
contributions 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-bodyB
→Ds

(* )D̄ (* ) decays are obtained from the fits to theDs
(* )1

momentum spectra, where the yield from each source
free parameter. We find
09110
al
c-

he
d

-
-
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l

a

SB~B→Ds
~* !1D̄ ~* !!5~5.0760.1460.3061.27!%,

SB~B→Ds*
1D̄ ~* !!5~4.160.260.461.0!%,

where the first error is statistical, the second is systema
and the third is due to theDs

1→fp1 branching fraction
uncertainty. The systematic error includes contributions fr
the B→Ds

(* )1X branching fractions, the relative contribu
tions of source~1!, and the model dependence of the sou
spectra. The sum of the two-body modes is reasonably s
rated in the momentum spectra from the other compone
Therefore, the fractional error on the sum of the two-bo

FIG. 4. Fit results forDs
1 ~top figure! andDs*

1 ~bottom figure!
momentum spectra. The data are dots with error bars, and the
tograms are the components of the fit function described in the t

Type ~1! is B→Ds
(* )1D̄ (* ), type ~2! is B→Ds

(* )1D̄** , and type

~3! is B→Ds
(* )1D̄ (* )p/r/v. The solid histogram is the sum of th

three components.
4-7
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modes is smaller than the fractional error on theB
→Ds

(* )1X branching fraction or the relative two-bod
branching ratio.

VII. SUMMARY

In summary, the branching fractions for inclusiveB
→Ds

(* )1X production have been determined as well as
Ds

(* )1 production cross-sections from continuum events
center-of-mass energies about 40 MeV below theY(4S)
mass. Our more precise results for theDs

1 are in agreemen
with previous measurements@8,13#, while theDs*

1 measure-
ments are new. In contrast to previous results, our meas
ments do not rely on any assumptions regarding the shap
the fragmentation function. Finally, fits to theDs

(* )1 momen-
tum spectra provide relative yields and branching fractio
09110
e
t

re-
of

s

for two-bodyB→Ds
(* )1D̄ (* ) andB→Ds*

1D̄ (* ) decays. The
mass differencem(Ds

1)2m(D1) has also been measured
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