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This article describes improved measurements by CLEO of theB0→Ds
1D* 2 andB0→Ds*

1D* 2 branching

fractions, and first evidence for the decayB1→Ds
(* )1D̄** 0, where D̄** 0 represents the sum of the

D̄1(2420)0, D̄2* (2460)0, andD̄1( j 51/2)0 L51 charm meson states. Also reported is the first measurement of
theDs*

1 polarization in the decayB0→Ds*
1D* 2. A partial reconstruction technique, employing only the fully

reconstructedDs
1 and slow pionps

2 from theD* 2→D̄0ps
2 decay, enhances sensitivity. The observed branch-

ing fractions areB(B0→Ds
1D* 2)5(1.1060.1860.1060.28)%, B(B0→Ds*

1D* 2)5(1.8260.3760.24

60.46)% , andB(B1→Ds
(* )1D̄** 0)5(2.7360.7860.4860.68)%, where the first error is statistical, the

second systematic, and the third is the uncertainty in theDs
1→fp1 branching fraction. The measuredDs*

1

longitudinal polarization,GL /G5(50.6613.963.6)%, is consistent with the factorization prediction of 54%.

PACS number~s!: 13.20.He, 12.15.Hh, 14.40.Nd
-
P

and
I. INTRODUCTION

Measurements of weak decays ofB mesons are funda
mental to testing and understanding the standard model.
11200
re-

vious measurements of the inclusiveB→Ds
1X branching

fraction report a value of (12.161.063.0)%. The first error
is the combined statistical and systematic uncertainties,
the second is due to the uncertainty in theDs

1→fp1
3-2
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MEASUREMENT OFB→Ds
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branching fraction. This is significantly larger than the su

of Ds
1 production from exclusiveb→cc̄s modes observed to

date @1#. These exclusive modes, of the formB→Ds
1D, B

→Ds*
1D, B→Ds

1D* , and B→Ds*
1D* , sum to (6.661.3

61.7)% for theB1 case and (4.861.061.2)% for theB0.
This yields a deficit of (5.561.6)% for theB1 and (7.3
61.4)% for theB0, where theDs

1→fp1 branching frac-
tion uncertainty does not affect this difference@1#. This ar-
ticle reports new measurements ofB→Ds

(* )1D* (* ) decays
from CLEO.1 First evidence is offered for the decayB1

→Ds
(* )1D̄** 0, where D̄** 0 denotes the sum of th

D̄1(2420)0, D̄2* (2460)0, and D̄1( j 51/2)0 L51 charm me-
son states. This decay mode may bridge a substantial po
of the inclusive and exclusive rate difference. Also repor
are improved measurements of the modesB0→Ds

1D* 2 and
B0→Ds*

1D* 2. These decays occur predominantly via t
spectator diagram of Fig. 1; theW1 decays into aDs

1 or
Ds*

1 meson, and the charm antiquark and spectator qu
hadronize as either aD* or D** meson.

Additionally, this article presents the first measuremen
Ds*

1 polarization for the modeB0→Ds*
1D* 2, providing an

effective test of the factorization assumption inB→D* 2X
decays with highq2, whereq25MX

2 , andX is a vector me-
son. Factorization assumes the lack of final state interact
between the products of hadronicB decays, and has succes
fully predicted the vector-vector polarization of the lowq2

modeB→D* 2r @2–6#. It is possible that the factorizatio
assumption of no final state interactions may be simpli
and inapplicable to modes of higherq2 such as B0

→Ds*
1D* 2; however, the results presented here are con

tent with the factorization prediction.
Previous measurements ofB0→Ds

1D* 2 and B0

→Ds*
1D* 2 at CLEO and ARGUS made use of the fu

reconstruction technique@1,7#, which requires reconstructio
of all particles in the final state. The most recent CLE
results using full reconstruction reported relatively sm
event yields of 18.464.5 and 17.764.4 in theDs

1D* 2 and
Ds*

1D* 2 channels, respectively. Following these, a par
reconstruction technique was developed that required o
some of theB0→Ds*

1D* 2 final state particles, reporting a
increased sample size of 76611 events@8#.

This analysis employs a more refined partial reconstr
tion technique, using only theDs

1 and the soft pionps
2 from

the D* 2→D̄0ps
2 decay, thereby increasing the statisti

over full reconstruction by a factor between five and eig
depending on mode. The analysis is sensitive to anyB
→Ds

1D* 2X final state, such asB→Ds
(* )1D** , when

1Reference to a specific state or decay includes the cha
conjugate state or decay. The notationDs

(* )1 in this context means
either aDs

1 or aDs*
1 , D* (* ) denotes the sum ofD* andD** , and

D** denotes the sum of the chargedD** 1 and neutralD̄** 0

states, the specifics of which are discussed in Sec. IV A. In sh
ened form,DsD* denotesDs

1D* 2, Ds* D* denotesDs*
1D* 2, and

Ds
(* )D** denotes the sum ofDs

(* )1D** 2 andDs
(* )1D̄** 0.
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D** →D* 2p. The method is based on techniques dev
oped by CLEO for improved measurement ofDs

1→fp1 @8#
andB→D* p @9#.

After a short description of the detector and the crite
used for selecting charged particle candidates in Sec. II,
Ds

1 andps
2 reconstruction is described in Sec. III. In Sec. I

the partial reconstruction technique is developed for sepa
ing the combinedDs

(* )D* (* ) signal from background. Once
the background levels have been determined, in Sec.
two-dimensional parameter space is defined and use
separate the individualDsD* , Ds* D* , andDs

(* )D** signals,
followed by a review of systematic errors in Sec. VI. Th
polarization ofDs* D* production is measured and compar
with the factorization prediction in Sec. VII, and the resu
summarized and discussed in the final section.

II. EVENT SELECTION

The data used in this analysis were collected at the C
nell Electron Storage Ring~CESR! between 1990 and 1995
and consist of hadronic events produced ine1e2 annihila-
tions. The integrated luminosity of this data sample is 3
60.06 fb21 collected at theY(4S) resonance~referred to as
on-resonance data!, and 1.6960.03 fb21 from a center-of-
mass energy just below the threshold for producingBB̄ me-
sons~referred to as off-resonance or continuum data!. The
on-resonance data corresponds to (3.3660.06)3106 BB̄
pairs.

The CLEO II detector is used to measure both neutral
charged particles with excellent resolution and efficien
@10#. Hadronic events are selected by requiring a minim
of three charged tracks, a total visible energy greater t
15% of the center-of-mass energy~this reduces contamina
tion from two-photon interactions and beam-gas events!, and
a primary vertex within65 cm in thez direction and62 cm
in the r -f plane of the beam centroid.

Charged tracks are required to be of good quality a
consistent with the primary vertex in both ther -f and r -z
planes. Tracks must also havedE/dx and time-of-flight in-
formation consistent with their pion or kaon hypothes
when such information exists and is of good quality.

Apart from the visible energy criterion, neutral particle
were not used in this analysis.

A GEANT @11# based Monte Carlo simulation was used
generate large samples of the individualDs

(* )D* (* ) signal

modes fromY(4S)→BB̄ decays, and model their interac
tions with the CLEO detector. These samples were then p
cessed in the same manner as the data. Further discussi
the simulation is given in the treatment of systematic erro

e-

t-

FIG. 1. The spectator diagram forB→Ds
(* )1D* (* ) decay.
3-3
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III. Ds
¿ AND SLOW ps

À RECONSTRUCTION

The Ds
1 is reconstructed through theDs

1→fp1, f
→K1K2 decay channel, which has a signal-to-backgrou
ratio nearly two times higher than the next cleanestDs

1 de-
cay mode@8#. Fast p1/K1 tracks (p>200 MeV/c) must
originate within65 cm in thez direction and65 mm in the
r -f plane of the beam centroid. For slowp1/K1 tracks
(p<200 MeV/c) the z requirement is loosened to withi
620 cm. TheK1K2 invariant mass is required to be withi
9 MeV of the f mass. Two angles are used in suppress
background. The first is theDs

1 decay angleuD , which is
the angle between thef direction in theDs

1 rest frame and
the Ds

1 boost direction. Requiring cosuD<0.80 eliminates a
large combinatoric background peak near cosuD51 resulting
from the numerous low momentum pions, while the signa
constant in cosuD . The second angle isuH , the f decay
angle between theK1 andDs

1 direction in thef rest frame.
Due to thef helicity the signal follows a cos2uH distribution
while the background is constant in cosuH . Requiring
ucosuHu>0.35 removes 35% of the background and reta
96% of signal. The resultingfp1 invariant mass spectrum
is shown in Fig. 2, and thefp1 mass is then required to b
within 12 MeV of theDs

1 mass. Finally, the kinematics o
B→Ds

(* )1D* (* ) decays constrain the magnitude ofDs
1 mo-

mentum to between 1250 MeV/c and 1925 MeV/c, and
these requirements are imposed here.

The slow pionps
2 from the D* 2 must have charge op

posite to theDs
1 and originate within65 mm in ther -f

plane of the primary vertex. Noz requirement is placed on
the ps

2 , but it must have a momentum greater than
MeV/c and less than 210 MeV/c.

IV. SEPARATION OF Ds
„* …¿D* „* … SIGNAL FROM

BACKGROUND

A. Two-body B decays toDs
¿D* À final states

At the CLEO II experiment,e1e2 collisions can create an
Y(4S) resonance, which decays to a pair ofB mesons. The
B’s are produced nearly at rest (b50.0646) and, for the
decay chain Y(4S)→B0B̄0, B0→Ds

1D* 2, and D* 2

→D̄0ps
2 , theDs

1 and soft pionps
2 are nearly back-to-back

in the lab frame because of the small 5.8360.03 MeV en-
ergy release in theD* 2→D̄0ps

2 transition. By making use
of their relative direction, as well as the beam energy a
kinematic constraints of the decay, theDs

1 and theps
2 allow

reconstruction of theDs
1D* 2 final state.

Other two-bodyB decays leading toDs
1D* 2 final states,

with strong (Ds
1 ,ps

2) correlations, are summarized in Tab
I. These are modes producing aDs*

1 that decays toDs
1g or

Ds
1p0, or producing aD** that decays toD* 2p. It should

be noted that this method is not sensitive toB→Ds** D* 2,
as the Ds** decays predominantly toDK and no Ds**
→DsX decays have been observed@12#. Other relevant
modes, such as three-bodyB decays of the formB
→Ds

(* )1D* 2p, are treated in the discussion of systema
errors.
11200
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B. D** properties and B\Ds
„* …¿D** decays

In this measurement several differentD** states contrib-
ute to theB→Ds

(* )1D* (* ) decays. The relevantD** char-
acteristics are summarized here, beginning with the neu
D** 0 which, as anL51 charm meson, represents four di
tinct quantum states. Two of these states, theD1(2420)0 and
D2* (2420)0, have been characterized by experiment as re
tively narrow resonances@13,14#. The two other states, th
D1( j 51/2)0 and D0( j 51/2)0, are expected to be muc
broader @4#. A preliminary first observation of theD1( j
51/2)0, confirming its broadness, was recently reported
CLEO @15#. Although theD0( j 51/2)0 remains experimen-
tally undetected, conservation of parity and angular mom
tum forbids its decay toD* 2p1, so it does not contribute to
this measurement. Table II gives the masses, widths,JP and
allowed decays of the neutralD** ’s @13–15#.

In accordance with current experimental limits, th
masses and decay widths of the chargedD1( j 51/2)2,

FIG. 2. Thefp1 mass spectrum for the on-resonance data. T
fp1 mass is further required to be within 12 MeV of theDs

1 mass.

TABLE I. Ds
1D* 2 final states from two-bodyB decays.

B0 Decays B1 Decays

B0→Ds
1D* 2

B0→Ds*
1D* 2

~whereDs*
1→

Ds
1g / Ds

1p0)
B0→Ds

1D** 2
B1→Ds

1D̄** 0

(D** 2→D* 2p0) (D̄** 0→D* 2p1)
B0→Ds*

1D** 2
B1→Ds*

1D̄** 0

(D** 2→D* 2p0
(D̄** 0→D* 2p1

andDs*
1→ andDs*

1→
Ds

1g/Ds
1p0) Ds

1g/Ds
1p0)
3-4
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D1(2420)2, andD2* (2460)2 are assumed identical to the
corresponding neutralD** 0 counterparts@17#. Like the
D0( j 51/2)0, theD0( j 51/2)2 does not decay toD* 2p.

Throughout this ArticleD** 1 denotes the sum of th
chargedD1(2420)1, D2* (2460)1, and D1( j 51/2)1 states,
while D** 0 denotes the sum of the neutralD1(2420)0,
D2* (2460)0, andD1( j 51/2)0, andD** denotes the sum o
the threeD** 1 and threeD** 0 states.

Conservation of isospin and angular momentum pred
the branching fractions for theJ51 charged and neutra
D** →D* 2p decays. Heavy quark effective chiral pertu
bation theory evaluates the branching fractions for theJ52
case@3#:

B„D1~ j 51/2!2→D* 2p0
…51/3, ~1!

B„D1~2420!2→D* 2p0
…51/3, ~2!

B„D2* ~2460!2→D* 2p0
…51/10, ~3!

B„D̄1~ j 51/2!0→D* 2p1
…52/3, ~4!

B„D̄1~2420!0→D* 2p1
…52/3, ~5!

B„D̄2* ~2460!0→D* 2p1
…51/5. ~6!

These branching fractions are assumed throughout. Appl
conservation of isospin to the spectator decay of Fig. 1,
assumed also that theB1→Ds

(* )1D̄** 0 and B0

→Ds
(* )1D** 2 production rates are equal:

G~B1→Ds
(* )1D̄** 0!5G~B0→Ds

(* )1D** 2!. ~7!

This equality is assumed throughout.
In the Monte Carlo simulation, the three relevantD** 0

mass states produce nearly identical slow pionps
2 momen-

tum distributions, resulting in signatures that are virtua
indistinguishable by means of this partial reconstruct
technique. For this reason the relative production ratios
D1( j 51/2)0, D1(2420)0, and Ds* (2420)0 cannot be mea-
sured by this analysis, but are rather taken from previ
experimental results@15,17#. Similarly, it was not possible to
separate theB→Ds

1D** from the B→Ds*
1D** modes,

and the ratio of the branching fractions of these two dec
must be assumed. The consequences of both assumption
treated in the discussion of systematic errors.

TABLE II. D** 0 properties.

State JP Mass~MeV! Width ~MeV! Allowed
Decays

D0* ( j 51/2)0 01 Not Yet Observed — D p

D1(2420)0 11 2422.061.8 18.923.5
14.6 D* p

D1( j 51/2)0 11 2461235
142 290283

1104 D* p

D2* (2460)0 21 2458.962.0 2365 D p,D* p
11200
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C. Partial reconstruction kinematics

In the decaysB→Ds
(* )1D* (* ), D* 2→D̄0ps

2 , the Ds
1

and ps
2 are produced nearly back-to-back, and the anglea

between the reverseDs
1 direction andps

2 , shown in Fig. 3,
will be small. For theDsD* and Ds* D* signals,a ranges
between 0° and 30°, with most probable values at 11°
12°, respectively. ForDs

(* )D** signal,a ranges from 0° to
50°, with the most probable value at 21°. In contrast to
signal, the background consists of uncorrelatedDs

1 andps
2

pairs, for whicha will be distributed at random.
It is possible to further constraina from additional event

information that determines the allowedD* 2 directions.
There exist a total of eight unknowns in the decay: theD̄0

three-momentum, the parentD* 2 three-momentum, and th
two angles governing theB0 direction. TheB energy is equal
to the CLEO beam energy. Requiring conservation of ene
and momentum in theB0→Ds

1D* 2 andD* 2→D̄0ps
2 de-

cays yields eight constraints, where the masses of theB0,
Ds

1 , D* 2, D̄0, and p2 are assumed. Solving for the un
knowns yields a pair ofD* 2 solutions, due to a quadrati
ambiguity in the underlying algebra. The procedure of t
solution follows.

The D* 2 andD̄0 energies are determined from the me
suredDs

1 andps
1 energies:

ED* 25EBeam2ED
s
1, ~8!

ED̄05ED* 22Ep
s
1. ~9!

The magnitude ofD* 2 and D̄0 momenta follow from
their energies pD* 25AED* 2

2
2MD* 2

2 and pD̄0

5AED̄0
2

2MD̄0
2 . For the previously-assumed decay, kinem

ics constrain theD* 2 to a cone of allowed directions relativ
to the measuredDs

1 . The radius of this cone,u1, is shown in
Fig. 4, and represents the angle between the reverseDs

1 di-

FIG. 3. Definition ofa: the angle between the reverse directi
of the measuredDs

1 and measuredps
2 .

FIG. 4. Definition of u1: the angle between the reverseDs
1

direction and the cone of allowedD* 2 directions.
3-5
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rection and inferredD* 2. Using theDs
1 momentum magni-

tude, beam energy, and particle masses,u1 can be expresse
in the lab frame as

cosu15
MB0

2
2MD*

2
2MDs

2

2upW Ds
uupW D* u

2
1

bDs
bD*

. ~10!

Kinematics also constrain theD* 2 to a cone of allowed
values about theps

2 direction. The radius of this cone isu2,
the angle between theps

2 and inferredD* 2, defined in the
lab frame and shown in Fig. 5:

cosu25
MD0

2
2MD*

2
2Mps

2

2upW ps
uupW D* u

1
1

bps
bD*

. ~11!

Valid solutions for theD* 2 momentum exist at the intersec
tion of the cones defined byu1 andu2, as shown in Fig. 6.
For the two cones to intersect, the angle between the m
suredDs

1 and measuredps
2—the angle previously define

asa—must be confined to a range bounded by the sum
difference ofu1 andu2:

uu12u2u<a<u11u2 . ~12!

For a greater than the upper limitu11u2, the smaller cone is
entirely outside the larger one, preventing their intersect
and the existence of a kinematically validD* 2 solution. For

FIG. 5. Definition ofu2: the angle between theps
2 and cone of

allowedD* 2 directions.

FIG. 6. Valid D* 2 solutions exist where the combinedu1 and
u2 cones intersect. There are generally two solutions, resulting f
a quadratic ambiguity in the underlying algebra.
11200
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a less than the lower limituu12u2u, the smaller cone is
completely inside the larger, also preventing their inters
tion. As shown in Fig. 7, the lower limit occurs as th
smaller cone grazes the inside edge of the larger one, w
this limit is defined asa0:

a0[uu12u2u. ~13!

Since only onea and onea0 exist for a particular (Ds
1 ,ps

2)
pair, they are unaffected by the quadratic ambiguity in
D* 2 solutions.

In the case of the signalB0→Ds
1D* 2 mode,a is small,

a0 is as small or smaller, and thedifferencebetweena and
a0 is very small. Since the background is relatively isotrop
in cosa, it is more convenient to work with the cosines
the angles, where it is found that for signal, the differen
cosa02cosa peaks sharply at small values. Signal Mon
Carlo distributions are shown in Fig. 8 over the rang
(20.04,2.00) forDs

1D* 2, Ds*
1D* 2, andDs

(* )1D** . Two

backgrounds are also shown in the figure: theBB̄ back-
ground, from simulated non-signalB meson events, and con
tinuum background, frome1e2→cc̄, ss̄, uū, or dd̄. The
three signals display sharp peaking in cosa02cosa, where
theDs* D* andDs

(* )D** peaks are measurably broader th
theDsD* . In theDs*

1D* 2 case, this broadness results fro
the random nudge given theDs

1 by the g/p0 in the Ds*
1

→Ds
1g/Ds

1p0 transition, causing the two particles to be n
quite so back-to-back. For theDs

(* )1D** , the broad peak
comes from the thrust given theD* 2 from the unrecon-
structed p1 produced during the intermediateD̄** 0

→D* 2p1 decay. It should be noted that no sharp peak
occurs in either background where theDs

1 andps
2 are nearly

uncorrelated, though some hint of a peak is exhibited du
kinematic correlations.

It is seen from Fig. 8 that cosa02cosa occasionally drifts
below zero. This is due to detector resolution effects t
distort the quantities used to calculate cosu1 and cosu2.

D. Fit of the data

A sharp signal peak in the cosa02cosa distribution of
the CLEO on-resonance data previously described in Sec

m

FIG. 7. a0 is the minimum valuea can take for an event wher
the cones continue to intersect, and corresponds to the smaller
grazing the inside edge of the larger.
3-6
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superimposed on a relatively flat background, is seen in
9. The figure also shows a binned maximum-likelihood fit
this data consisting of three components:Ds

(* )D* (* ) signal,
BB̄ background, and continuum background. T
Ds

(* )D* (* ) signal andBB̄ background components are a
lowed to float, while the continuum level is fixed by scalin
the off-resonance background by the on-off–resonance r
The Ds

(* )D* (* ) component is a weighted combination
DsD* , Ds* D* , andDs

(* )D** signals, as the signal distribu
tion shapes in cosa02cosa are too similar for meaningfu
separation. The signal is concentrated in the relatively sm
region20.04<cosa02cosa<0.12, where the data contain
528 events. Table III lists fit results of the three compone
for this signal region. The errors listed are statistical. T
subsequent analysis of the relativeDs

(* )D* (* ) rates and po-
larizations is confined to the signal region:

20.04<cosa02cosa<0.12. ~14!

V. SEPARATION OF DsD* , Ds* D* , AND Ds
„* …D**

SIGNALS. MEASUREMENT OF Ds* D* POLARIZATION

A. Definition of the two-dimensional pDs
vs cosup

parameter space

Once the background levels have been determined,
signal modes may be separated from one another. This s

FIG. 8. Signal Monte Carlo and background distributions of
partial-reconstruction variable cosa02cosa. Shown are~a! DsD*
Monte Carlo simulation,~b! Ds* D* Monte Carlo simulation,~c!

Ds
(* )D** Monte Carlo simulation,~d! BB̄ background Monte Carlo

simulation, and~e! continuum data. The signals display a chara
teristic narrow peak, while the backgrounds are relatively broad
11200
g.

io.

ll

ts
e

he
pa-

ration is effected by constructing a two-dimensional para
eter space, where each signal carries a distinctive shape.
variables are required, of which the first is the magnitude
Ds

1 momentumpDs
. The kinematics of theB→Ds

(* )D* (* )

decays constrain the relevantDs momentum range to
1250 MeV/c<pDs

<1925 MeV/c. The second variable o

interest is the cosine of theps
2 decay angle as expressed

the D* 2 frame—cosup—where up is a helicity angle,
shown in Fig. 10. It is possible to calculate cosup from avail-
able event information, without reconstructing theD* 2:

cosup52
bD* ~Eps

* 2ED0* !

2pD0*
1

pps

2 2pD0
2

2gD*
2 bD* MD* pD0*

.

~15!

Here the kinematics of theB0→Ds
1D* 2 mode have been

assumed. The quantitiesgD* , bD* , pps
, and pDs

are ex-

pressed in the lab frame, whileEps
* , ED0* , andpD0* are in the

D* 2 frame,

-

FIG. 9. The fitted cosa02cosa data distribution. The fit is bro-

ken down into three components:Ds
(* )D* (* ) signal, BB̄ back-

ground, and continuum background. The signal region is20.04
<cosa02cosa<0.12. The continuum background is constrain
by scaling the off-resonance background by the on or off-resona
ratio.

TABLE III. Fit results for the data signal region20.04
<cosa02cosa<0.12, containing 528 events. Errors are statistic

Mode Number of events

Ds
(* )D* (* ) Signal 314.0624.0

BB̄ Background 138.965.2

Continuum 74.8~constrained!
3-7
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ED0* 5
MD*

2
1MD0

2
2Mps

2

2MD*
~16!

Eps
* 5

MD*
2

2MD0
2

1Mps

2

2MD*
. ~17!

In the B0→Ds
1D* 2 mode, theD* 2 is produced in a

(J,Jz)5(1,0) state, and conservation of helicity distribut
the ps

2 as cos2up . Imperfect detector resolution smears t
shape. For the case of longitudinally polarizedDs*

1D* 2

from B0 decays, theD* 2 is also produced in a (1,0) stat
However, the resulting cos2up shape is not centered at th
origin, but is rather shifted downwards. This shift com
from the missingg/p0 ~whereDs*

1→Ds
1g/Ds

1p0), which
was not taken into account in the calculation of cosup . Nev-
ertheless the original cos2up shape is well preserved, cen
tered at20.2, and falls over the range (21.2,0.8). In the
case of transversely polarizedDs*

1D* 2, the D* 2 is pro-
duced in a (1,1) or (1,21) state, and the resultingps

2 pro-
duces a helicity distribution of 12cos2up , also centered at
20.2. Finally, the threeD** 0 states each produce theps

2 in
their unique helicity distributions: theD1(2420)0 decays as
113 cos2up , the D2* (2460)0 decays as 12cos2up , and the
D1( j 51/2)0 decays isotropically. However, blending th
three D** 0 states according to their production ratios
Ds

1D** andDs*
1D** effectively washes out any characte

istic helicity shape. The resulting blended distribution is ce
tered at20.4 and ranges over (21.4,0.5), because of th
missing intermediatep ~from D** →D* 2p), which is not
accounted for in calculating cosup . The limits of cosup rel-
evant to this analysis are therefore21.40<cosup<1.05.

The pDs
versus cosup two-dimensional distributions ar

shown in Fig. 11 for each of the four signals (DsD* , longi-
tudinally polarizedDs* D* , transversely polarizedDs* D* ,

and Ds
(* )D** ) and two backgrounds (BB̄ and continuum!.

Because the longitudinally polarized and transversely po
ized Ds* D* produce markedly different shapes in this tw
dimensional distribution, they can be separated into t

FIG. 10. Defining cosup : the decay angle of theps as measured
in the D* rest frame.
11200
-

r-

o

components. The two-dimensional on-resonance CLEO d
distribution is shown in Fig. 12.

B. The fitted data

A two-dimensional binned maximum-likelihood fit is ap
plied to the data. TheBB̄ and continuum backgrounds
whose levels were determined in the previous o
dimensional fit to the cosa02cosa distribution, are fixed
here, and their shapes are parametrized as product
Chebyshev polynomials. The two-dimensional Monte Ca
distributions are used for theDs

(* )D* (* ) signals. Four signal
components are allowed to float: the number ofDsD* , num-
ber of Ds* D* , number ofDs

(* )D** , and the relative longi-
tudinal Ds* D* polarization. Converting the likelihood to
x2-like quantity (22 lnL), the resulting fit has a likelihood
of 125.4 for 130 bins with 4 floating parameters. Projectio
of data and fit along both thepDs

and cosup axes, broken
down into signal and background components, are show
Fig. 13. In Table IV, the number of events resulting from t

FIG. 11. pDs
vs cosup distributions for the four signal Monte

Carlo and two background samples. Shown are~a! DsD* Monte
Carlo simulation,~b! longitudinally polarizedDs* D* Monte Carlo
simulation,~c! transversely polarizedDs* D* Monte Carlo simula-

tion, ~d! Ds
(* )D** Monte Carlo simulation,~e! BB̄ background

Monte Carlo simulation, and~f! continuum data. The box size i
proportional to the number of candidates in the bin.
3-8
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two-dimensional maximum-likelihood fit are reported f
each of theDs

(* )1D* (* ) modes, along with their statistica
and systematic uncertainties, where the systematics wil
discussed in Sec. VI.

The relative longitudinal polarization of theDs*
1D* 2

production is measured to be

GL /G5~50.6613.963.6!% ~18!

where the first error is statistical and the second system

C. The fitted data with the Ds
„* …¿D** component removed

Because production ofB→Ds
(* )1D** has not been pre

viously observed, one might question its inclusion in the p
ceding fit. A worthwhile consistency check is to remove t
Ds

(* )1D** from the set of functions and repeat the tw
dimensional fitting procedure. The results, without t
Ds

(* )1D** , are projected along thepDs
axis and cosup axis

in Fig 14. ThepDs
fit projection shape matches the data we

but is shifted systematically upwards by about 50 MeVc.
The cosup fit projection shape is decidedly different from
the data, since the projection is systematically low over
region21.2<cosup<20.2 and systematically high over th
region20.2<cosup<0.8. The cosup fit projection also dis-
plays a pair of symmetric peaks that are not reflected in
data. This two-dimensional fit has a likelihood of 139.9 f
130 bins with three floating parameters, and since for
fitting procedure the likelihood follows closely thex2 behav-
ior, this corresponds to a reduced significance of 3.8 stan
deviations. A study of the data sideband regions off
cosa02cosa signal peak~i.e., where cosa02cosa>0.12)
reveals an amount ofDs

(* )1D** that is consistent with the

FIG. 12. pDs
vs cosup distributions for the CLEO data. The plo

contains 528 events. The box size is proportional to the numbe
candidates in the bin.
11200
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amount ofDs
(* )1D** observed in the signal region20.04

<cosa02cosa<0.12. Taking the factors all together, w
conclude that the data strongly indicate a substan
Ds

(* )1D* (* ) component.

VI. SYSTEMATIC UNCERTAINTIES

The single largest uncertainty in the analysis is the 2
uncertainty in theDs

1→fp1 branching fraction@8#:

B~Ds
1→fp1!5~3.660.9!%. ~19!

This uncertainty is displayed separately from the other s
tematic uncertainties, which are listed in Table V.

A 1% systematic uncertainty in track finding and fittin
efficiency is estimated for each fast charged track, which
the Ds

1 add linearly to a 3% total. The slow pionps track

TABLE IV. Fitted yield for eachDs
(* )1D* (* ) mode. The first

error is statistical and the second is systematic. TheD** is the sum
of charged and neutralD1(2420),D2* (2460), andD1( j 51/2) reso-
nances.

Mode Fitted Yield

B0→Ds
1D* 2 92.7615.369.5

B0→Ds*
1D* 2 149.2630.4620.9

B→Ds
(* )1D** 81.6623.3615.3

FIG. 13. The projections of the two-dimensional CLEO data a
fit along thepD

s
1 axis ~top! and cosup axis ~bottom!. The fit con-

tainsDsD* , Ds* D* , Ds
(* )D** , and background components.

of
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finding and fitting uncertainty is estimated at 5%. The unc
tainty in the total number ofBB̄ meson pairs introduces
systematic error of 1.8%.

The two-dimensional fit to the data estimates the to
amount ofDs

(* )D* (* ) signal at 323.2 events. Since the pr
vious one-dimensional fit to the cosa02cosa distribution,
summarized in Table III, determined the level ofDs

(* )D* (* )

signal at 314.0624.0, the two-dimensional fit result overe
timates the amount of signal by 9.2 events. To test fo
systematic bias in the two-dimensional fitting procedu
fifty simulated datasets were created and filled w
Ds

(* )D* (* ) signal Monte Carlo distribution,BB̄ background,
and continuum background according to the proportions
Tables III and IV. Following the procedure of fixing bot
backgrounds and allowing all four signal components
float, two-dimensional fits to these simulated datasets g
fifty estimates of totalDs

(* )D* (* ) signal. Thedifferencebe-
tween the estimate from each fit and the number of in
Ds

(* )D* (* ) events forms a distribution centered at 1.1 w
an rms of 5.3, consistent with zero and indicative of an
biased fitting procedure. In the case of the fit to the r

FIG. 14. Removing theDs
(* )D** component from the two-

dimensional fit to the CLEO data, where data and fit are projec
along thepD

s
1 axis ~top! and cosup axis ~bottom!. The fit is split

into DsD* , Ds* D* , and background components. ThepDs
fit pro-

jection shape is shifted upwards relative to the data, and theup fit
projection shape is systematically low over the region21.2
<cosup<20.2 and systematically high over the region20.2
<cosup<0.8. The likelihood is reduced by 3.8 standard deviatio
from the previous fit, which included aDs

(* )D** component.
11200
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dataset, the additional 9.2 events differ from the expec
total by an acceptable 1.7 standard deviations. In order
these events might be accounted for, a systematic erro
2.9% is introduced into the overall signal yield. The pola
ization measurement is not affected by this systematic e
in the fit normalization.

Forty thousand signal Monte Carlo events were genera
for each of the nine signal modes:Ds

1D* 2, longitudinally
polarized Ds*

1D* 2, transversely polarizedDs*
1D* 2,

Ds
1D̄** 0 @for each of D̄1(2420)0, D̄2* (2460)0, and D̄1( j

51/2)0] and Ds*
1D̄** 0 ~also for all threeD̄** 0 states!. To

estimate statistical limitations, the signal samples were
vided in half and the half-samples used to refit the tw
dimensionalpD

s
1 vs cosup data distribution. The resulting

fits differ from the original by less than 1.0%.
An uncertainty is introduced by statistical fluctuations

the amount of continuum background. Varying the numb
of continuum background events by one standard devia
(s) affects the overall two-dimensional fit yields by a max
mum of 3.7% and the polarization by a maximum of 1.8
The uncertainty from statistical fluctuations in the total nu
ber ofBB̄ background events is anti-correlated with the co
tinuum background. This is the result of highly similar bac
ground shapes in the one-dimensional fit to the cosa0
2cosa data distribution. Refitting the two-dimensional da
distribution with these fluctuations changes the yields b

d

s

TABLE V. Systematic uncertainties in percent forB
→Ds

(* )1D* (* ) decays andGL /G, the longitudinal polarization of
Ds*

1D* 2 .

Source Ds
1D* 2 Ds*

1D* 2 Ds
(* )1 GL /G

D**

Ds Tracking 3.0 3.0 3.0 3.0
ps Tracking 5.0 5.0 5.0 5.0
Total Number of 1.8 1.8 1.8 —

BB̄ Mesons
Fit Normalization 2.9 2.9 2.9 —
Monte Carlo Statistics 1.0 1.0 1.0 1.0
Continuum Subtraction 3.7 3.7 3.7 1.8

BB̄ Background 1.6 1.6 1.6 1.0

Subtraction
Continuum Shape 1.0 1.0 1.0 1.0

BB̄ Background 1.0 1.0 1.0 1.0

Shape
D1( j 51/2):D1(2420): 0.8 2.9 4.5 0.6
D2* (2460) ratio
Ds

1D** :Ds*
1D** Ratio 2.4 9.8 14.8 3.2

Non-Resonant 2.2 4.5 5.9 1.2
Ds

(* )1D* 2p Production

Total for Ds
(* )1D* (* ) yield 9.9 13.8 18.5 —

B(f→K1 K2) 1.6 1.6 1.6 —

B(D* 2→D̄0 ps
2) 2.0 2.0 2.0 —

Total systematic uncertainty 10.2 14.0 18.7 7.3
3-10
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maximum of 1.6%, and the polarization by a maximum
1.0%, where the small uncertainty results from the antic
relation.

The two-dimensional continuum and background sha
are parametrized as products of Chebyshev polynom
Varying the polynomial coefficients by the parametrizati
errors and refitting the two-dimensional data distributi
changes the results by less than 1.0% for either backgro

In the two-dimensional fit to the data distribution, there
a single component containingDs

(* )1D** signal. TheD**
label denotes the sum of threeL51 charm states: theD1( j
51/2), D1(2420), and theD2* (2460). Each of these thre
states has a unique mass and width, and produces a diff
pattern ofps

2 helicities. In building theD** signal compo-
nent, it is assumed that theD** production rate fromB
mesons is at aD1( j 51/2):D1(2420):D2* (2460) ratio of
2:1:6.7, in accordance with the knownD1(2420) and
D2* (2460) production rates inB→D** p @13# and the pre-
liminary evidence for theD1( j 51/2) @15#. To understand
the systematic bias introduced by this choice of ratios,
data was refit using widely varying ratios of(2:1:3.3,
2:1:13.5, 1:1:6.7, 4:1:6.7, 2:2:6.7, and 2:0.5:6.7). This
caused theDsD* yield to vary by 0.8%, theDs* D* yield to
vary by as much as 2.9%, theDs

(* )D** yield to vary by
4.5%, and the polarization to vary by 0.6%.

The Ds
1D** :Ds*

1D** ratio in theDs
(* )D** component

has been fixeda priori at 1:2 in the two-dimensional fit. The
assumption of this ratio follows from the analogous mod
B→Ds

(* )D* , whereDsD* :Ds* D* has been previously mea
sured at 1:2, a ratio confirmed by this analysis. Th
pseudoscalar-vectorDs :Ds* ratio in this spectator decay im
plies that the same ratio should hold for theDs

(* )D** case as

well. All the decaysB0→Ds
(* )1D̄* (* ) are spectator decay

described by a single Feynman diagram and differentia
only by the final angular momentum states of thecs̄ (Ds

1 or

Ds*
1) and c̄q (D* or D** ) quark pairs. To be particularly

conservative, theDsD** :Ds* D** ratio is allowed to vary
between 1:1 and1:4. Pseudoscalar-vector spin conside
ations strongly suggest that the ratio be confined betw
these two limits. Varying theDs

1D** :Ds*
1D** ratio be-

tween 1:1 and 1:4 changes the fit results significantly, as
Ds

1D* 2 varies by a maximum of 2.4%, theDs*
1D* 2 by

9.8%, theD (* )1D** by 14.8%, and the polarization b
3.2%. These errors are the second largest systematic u
tainty, after theDs

1→fp1 branching fraction uncertainty.
There exists the possibility that significant no

resonantB→Ds
(* )1D* p production could contribute to th

data sample. The three-bodyB→Ds
(* )1D* p decay peaks

nearly as strongly as resonant signal in cosa02cosa. While
no measurements of theB→Ds

(* )1D* 2p non-resonant pro-
duction have been made, an analogy can be drawn to
resonant production ofB→D* 2p ln. ALEPH has measured
the inclusive branching fraction B→D* 2p l 2n at
(1.2560.25)%, and the product of exclusive branching fra
tions B„B̄→D1(2420)l 2n…B„D1(2420)0→D* p…5(0.52
60.17)% @16#. ALEPH has also placed an uppe
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limit on the D2* (2460) branching fraction atB„B̄
→D2* (2460)l 2n…B„D2* (2460)→D* p…,0.39% @16#. Al-

though there is no measurement of the modeB̄→D1( j
51/2)l 2n, recent observations at CLEO of the related mo
B1→D̄** 0p1 report B„B→D̄1(2420)0p1

…'2/3B„B1

→D̄1( j 51/2)0p1
…'2/3B„B1→D̄2* (2460)0p1

… @15#. As-

suming that B„D̄1(2420)0→D* 2p1
…5B„D̄1( j 51/2)0

→D* 2p1
…52/3 and B„D̄2* (2460)0→D* 2p1

…51/5, and
assuming that these relativeD** p ratios hold in the semi-
leptonic case, nearly all of the inclusiveB→D* 2p l 2n will
be accounted for by resonantB→D** l 2n. This would leave
only a small nonresonant component. Thus a conserva
upper limit is that non-resonantB→Ds

(* )1D* 2p could be
as large as 40% of the resonantB→Ds

(* )1D** branching
fraction. ThreeB→Ds

(* )D** 1~non-resonant! samples were
created: one that contained 60% pureB→D (* )1D** with
30% non-resonantB→Ds

1D* 2p and 10%B→Ds*
1D* 2p,

one that contained 60% pureB→Ds
(* )1D** with 10% non-

resonant B→Ds
1D* 2p and 30% non-resonant B

→Ds*
1D* 2p, and one that contained 60% pureB

→Ds
(* )1D** with 20% non-resonantB→Ds

1D* 2p and
20% non-resonantB→Ds*

1D* 2p. Refitting the data distri-
bution with these B→Ds

(* )1D** 1non-resonant B
→Ds

(* )1D* 2p samples changes the results by 2.2% for
B→Ds

1D* 2 case, by 4.5% for theB→Ds*
1D* 2, by 5.9%

for the B→Ds
(* )1D** , and by 1.2% for the polarization

These are the systematic errors listed in Table V. Shoul
be the case that by 60% of resonantB→Ds

(* )1D** branch-
ing fraction be non-resonant, the systematic errors would
crease to 3.0% for theB→Ds

1D* 2, to 6.3% for theB
→Ds*

1D* 2, to 8.1% for theB→Ds
(* )1D** , and to 1.8%

for the polarization. It should be noted that other no
resonant modes, such asB→Ds

1D* 2pp, produce theDs
1 in

a momentum range that is almost entirely below the low
limit of 1250 MeV/c, excluding these modes from thi
analysis.

The 1998 PDG values for thef andD* 2 branching frac-
tions are B(f→K1K2)5(49.160.8)% and B(D* 2

→D̄0ps
2)5(68.361.4)% @12#. These introduce systemati

errors of 1.6% and 2.0%, respectively, into the extraction
the Ds

(* )1D* (* ) branching fractions.
It is assumed in measuring the longitudinal and transve

Ds*
1D* 2 polarizations that these final states are indep

dent of one another. In actuality there exists, in the differ
tial decay rate, an interference term between the longitud
and transverse states that is proportional to the azimu
angle between the planes of theDs*

1→Ds
1g and D* 2

→D̄0p2 decays. This interference vanishes in the integ
over the azimuth, and introduces no systematic error into
analysis.

VII. FACTORIZATION AND PREDICTION
OF POLARIZATIONS

The factorization assumption, when expressed in
framework of heavy quark effective theory~HQET! and ex-
3-11
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trapolating from the form factors measured by the semil
tonic B decaysB→D* ln, allows accurate estimate of th
hadronic decay rates for the modesB→D (* )p, D (* )r,
Ds

(* )D (* ), andD (* )D (* ) @2,18–20#. Additionally, factoriza-
tion, HQET, and the semileptonic decays, predict the rela
polarization of the vector-vector hadron products forB
→D* 2X decays, such asB→D* 2r and B0→Ds*

1D* 2

@21,22#.
We observe a longitudinal polarization inB0

→Ds*
1D* 2 of GL /G5(50.6613.963.6)% for q25MD

s*
2

,

where the first error is statistical and the second system
The observation is consistent with the prediction of (53
63.3)% from factorization, HQET, and the semilepton
form factor measurements@21#. The same combination als
predicts inB→D* 2r a longitudinal polarization ofGL /G
5(89.561.9)% atq25M r

2 , which compares favorably with
the most recent measurement of (87.865.3)% @23#. Finally,
predictions are also made that at lowq2 the longitudinal
polarization will be nearly 100%, and atq25qmax

2 decreases
to 33% @2#. Longitudinal polarization as a function ofq2 is
plotted in Fig. 15 for the factorization prediction and com
pared with theD* 2r and Ds*

1D* 2 measurements. Th
agreement is excellent, confirming the validity of the fact
ization assumption and HQET in extrapolating the semil
tonic form factor results for regions of highq2.

Another vector-vector hadronicB decay mode which may
further test the factorization assumption at highq2 is B0

→D* 1D* 2. This decay is Cabibbo-suppressed, and a
larization measurement will require higher statistics th
those provided by present experiments@24#. Future experi-
ments will also reduce the errors of theD* 2r andDs*

1D* 2

measurements.

VIII. SUMMARY AND CONCLUSIONS

Removing theDs
(* )1D** signal component from the

two-dimensional fit reduces the likelihood by 3.8s, and the

FIG. 15. Relative fraction of longitudinal polarization in vecto
vectorB→D* 2X decays as a function ofq2, whereq25MX

2 , and
X is a vector meson. Shown are the 1998 measurement oB
→D* 2r, and theB0→Ds*

1D* 2 polarization measured here fo
the first time. The shaded region represents the prediction u
factorization and heavy quark effective theory, and extrapola
from the semileptonicB→D* ln form factor results. The contour i
one standard deviation (s).
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resulting projections along both thepDs
and cosup axes are

systematically different from the data as discussed in S
V C. Furthermore, a level ofDs

(* )1D** is observed in the
data sideband regions of cosa02cosa consistent with that
seen in the signal region. We conclude that the data sup
first evidence forB→Ds

(* )1D** decays.
From the event yield of Table IV, we can calculate t

exclusive branching fractions B0→Ds
1D* 2, B0

→Ds*
1D* 2, andB1→Ds

(* )1D̄** 0, where theD̄** 0 is the
sum of theD1(2420)0, D2* (2460)0, andD1( j 51/2)0 states

B~B0→Ds
1 D* 2!5~1.1060.1860.1160.28!%, ~20!

B~B0→Ds*
1 D* 2!5~1.8260.3760.2560.46!%,

~21!

B~B1→Ds
(* )1 D̄** 0!5~2.7360.7860.5160.68!%.

~22!

The first error is statistical, the second systematic, and
third the contribution from the uncertainty of theDs

1

→fp1 branching fraction. TheseB0→Ds
(* )1D* 2 branch-

ing fractions supersede the previous CLEO measurem
@1#. The extraction of the combinedDs

(* )1D̄** 0 branching
fraction is contingent on the assumption of Eq.~7!, where the
charged-B decay rate,B1→Ds

(* )1D̄** 0, is presumed equa
to the neutral-B decay rate,B0→Ds

(* )1D** 2. The extrac-
tion also requires some presumption of the individualD**
→D* 2p rates, shown in Eqs.~1!–~6!. The assumptions fol-
low from conservation of isospin in the spectatorB decay of
Fig. 1. It is further assumed that the production rates ofB1

andB0 in Y(4S) decays are equal for all branching fractio
measurements.

The relative longitudinal Ds* polarization in B0

→Ds*
1D* 2 is measured for the first time as

GL

G
~B0→Ds*

1D* 2!5~50.6613.963.6!% ~23!

where the first error is statistical and the second system
The measurement is consistent with the recent factoriza
prediction of (53.563.3)%, confirming the validity of the
factorization assumption in the domain of relatively highq2

@21#.
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