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This article describes improved measurements by CLEO oBtheD D* ~ andB®—D? *D* ~ branching
fractions, and first evidence for the deca/*HD(S*”B** 0 where D** 0 represents the sum of the
51(2420)0, 53(2460)0, andﬁl(j =1/2)° L=1 charm meson states. Also reported is the first measurement of
theD* " polarization in the decaB’—D¥ *D* ~. A partial reconstruction technique, employing only the fully
reconstructedd and slow pionr from theD* ~— D% decay, enhances sensitivity. The observed branch-
ing fractions are B(B°—DJD*~)=(1.10+0.18+0.10-0.28)%, B(B’—~D¥ *D* ")=(1.82-0.37+0.24
+0.46)% , andB(B*—D{*) " D** %) =(2.73+0.78+0.48+0.68)%, where the first error is statistical, the
second systematic, and the third is the uncertainty inltlie- ¢+ branching fraction. The measur&f *
longitudinal polarization]'| /T"=(50.6+13.9+ 3.6)%, is consistent with the factorization prediction of 54%.

PACS numbgs): 13.20.He, 12.15.Hh, 14.40.Nd

. INTRODUCTION vious measurements of the inclusiB—DJ X branching
fraction report a value of (12:11.0+3.0)%. The first error
Measurements of weak decays Bfmesons are funda- is the combined statistical and systematic uncertainties, and
mental to testing and understanding the standard model. Préhe second is due to the uncertainty in tBe — ¢m™
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branching fraction. This is significantly larger than the sumD** —D* ~#. The method is based on techniques devel-

of D production from exclusivé— ccs modes observed to  0ped by CLEO for improved measurementf — ¢ar* [8]

date[1]. These exclusive modes, of the for~D/D, B~ andB—D*m [9]. o
—.D**D, B—D!D*, andB—D*"D*, sum to (6.6:1.3 After a short description of the detector and the criteria
S ! S 1 s ’ . .

+1.7)% for theB™* case and (481.0+1.2)% for theB°. Bsfd r‘:gr s_elrectn’r:gtfhat:gs? pdartlclrciabczrzglgateslI:n"?eéc. II,l\t/he
This yields a deficit of (5.51.6)% for theB* and (7.3 s 2n¢7s TECONSTUCION IS dESCTIbEd N SEC. 1. i SEC.
0 i + . the partial reconstruction technique is developed for separat-
+1.4)% for theB", where theDg; — ¢ 7™ branching frac- . . (F) M (%) o
. . . . ing the combined*’'D signal from background. Once
tion uncertainty does not affect this differencd. This ar- S . .
. ($)+ N (%) the background levels have been determined, in Sec. V a
ticle reports new measurements B~D "’ "D decays . : ! ,
1 . . 7 two-dimensional parameter space is defined and used to
from CLEO: First evidence is offered for the decdy he individu@.D*  D*D*  andD®)D** signal
(1O wh 5% 0 denot " tth separate the individu& ;D*, DgD*, andD¢™ signals,
—Ds o+ Where _denotes fthe sum ot IN€ followed by a review of systematic errors in Sec. VI. The
D,(2420f, D3 (2460Y, andDy(j=1/2)° L=1 charm me- polarization ofD* D* production is measured and compared
son states. This decay mode may bridge a substantial portiagith the factorization prediction in Sec. VII, and the results
of the inclusive and exclusive rate difference. Also reportedsummarized and discussed in the final section.

are improved measurements of the moB&s-DJD* ~ and
B®—DZX"D*~. These decays occur predominantly via the
spectator diagram of Fig. 1; th&/* decays into @] or

D{ " meson, and the charm antiquark and spectator quark The data used in this analysis were collected at the Cor-
hadronize as either @* or D** meson. nell Electron Storage RingCESR between 1990 and 1995,
Additionally, this article presents the first measurement ofand consist of hadronic events producedeife™ annihila-
D? " polarization for the mod8°—DZ¥ "D* ", providing an  tions. The integrated luminosity of this data sample is 3.14
effective test of the factorization assumptionBa-D* ~X +0.06 fb ! collected at thér' (4S) resonancéreferred to as
decays with highg?, whereq?=M%, andX is a vector me-  on-resonance dataand 1.6%-0.03 fb * from a center-of-
son. Factorization assumes the lack of final state interactiongass energy just below the threshold for produdd® me-
between the products of hadrorBodecays, and has success- sons(referred to as off-resonance or continuum gathe

fully predicted the vector-vector polarization of the layé ) «10° BB
modeB—D* "p [2-6]. It is possible that the factorization on-resonance data corresponds to (3.8606)x 10°

assur_nption_ of no final state interac_:tionsz may be Simg”Sti(PaI{'shle CLEO Il detector is used to measure both neutral and

and*lfaerillcable to modes of highey” such asB . charged particles with excellent resolution and efficiency

—Dg "D* 7 however, the results presented here are consig g) “Hagdronic events are selected by requiring a minimum

tent with the factorization predlctlc())n. . , Of three charged tracks, a total visible energy greater than
Previous measurements oB"—DgD*~ and B 15% of the center-of-mass eneréthis reduces contamina-

—D}"D*~ at CLEO and ARGUS made use of the full tion from two-photon interactions and beam-gas eveatsd

reconstruction techniqué, 7], which requires reconstruction a primary vertex within=5 c¢m in thez direction and+2 cm

of all particles in the final state. The most recent CLEOjn ther-¢ plane of the beam centroid.

results using full reconstruction reported relatively small  Charged tracks are required to be of good quality and

event yields of 18.44.5 and 17.#4.4 intheD{D*~ and  consistent with the primary vertex in both thes andr-z

D! *D*~ channels, respectively. Following these, a partialplanes. Tracks must also hau&/dx and time-of-flight in-

reconstruction technique was developed that required onlformation consistent with their pion or kaon hypotheses,

some of theB°—D?¥ "D* ™ final state particles, reporting an when such information exists and is of good quality.

Il. EVENT SELECTION

increased sample size of Z&1 eventd8]. Apart from the visible energy criterion, neutral particles
This analysis employs a more refined partial reconstrucwere not used in this analysis.
tion technique, using only the_ and the soft pionr, from A GEANT [11] based Monte Carlo simulation was used to

the D*~—D%7_ decay, thereby increasing the statistics9enerate large samples of the individi{*)D**) signal

over full reconstruction by a factor between five and eightmodes fromY (4S)—BB decays, and model their interac-

depending on mode. The analysis is sensitive to &ny tions with the CLEO detector. These samples were then pro-

—DID* "X final state, such asBHD(S*H D** when cessed in the same manner as the data. Further discussion of
the simulation is given in the treatment of systematic errors.

'Reference to a specific state or decay includes the charge- ¢ p)+
conjugate state or decay. The notatlbﬁ” in this context means w s °
either aD. oraD* ", D**) denotes the sum @* andD** , and _ _

D** denotes the sum of the charg&@* * and neutralD** ° Bb ¢ p*®)

states, the specifics of which are discussed in Sec. IV A. In short-
ened formD D* denotesD D* ~, D*D* denotesD? *D* ", and
DX*)D** denotes the sum dd{*)*D** ~ andD{*)*D** ©, FIG. 1. The spectator diagram f&—D{*)*D**) decay.

q q
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ll. D AND SLOW m; RECONSTRUCTION T — - 1 T 1 7

The D is reconstructed through th®; —¢7*, ¢ 800
—K*K™ decay channel, which has a signal-to-background
ratio nearly two times higher than the next cIearD$t de-
cay mode[8]. Fast7*/K™ tracks (=200 MeV/c) must
originate within=5 cm in thez direction and=5 mm in the 600
r-¢ plane of the beam centroid. For slow' /K™ tracks
(p=<200 MeV/c) the z requirement is loosened to within
+20 cm. TheK K™ invariant mass is required to be within
9 MeV of the ¢ mass. Two angles are used in suppressingg 400
background. The first is thB_ decay angledy, which is
the angle between thé direction in theD_ rest frame and
the DS boost direction. Requiring ca%<0.80 eliminates a i i
large combinatoric background peak near égs 1 resulting 200~ .
from the numerous low momentum pions, while the signal is i 1
constant in co$p. The second angle i8y, the ¢ decay i 1
angle between thi* andD/ direction in the¢ rest frame. i | | | T
Due to the¢ helicity the signal follows a c@#, distribution B ] AN YT a—
while the background is constant in ofs. Requiring Mass ¢ (GeV)
|cos#,|=0.35 removes 35% of the background and retains
96% of signal. The resultingg7* invariant mass spectrum
is shown in Fig. 2, and theé =" mass is then required to be
within 12 MeV of theD_ mass. Finally, the kinematics of
B—D{)*D**) decays constrain the magnitude®] mo-
mentum to between 1250 Me¥/and 1925 MeVé, and In this measurement several differdht* states contrib-
these requirements are imposed here. ute to theB—D{*)*D**) decays. The relevam** char-

The slow pionw; from the D* ~ must have charge op- acteristics are summarized here, beginning with the neutral
posite to theD? and originate within£5 mm in ther-¢  D** ® which, as arL=1 charm meson, represents four dis-
plane of the primary vertex. Na requirement is placed on tinct quantum states. Two of these states,Bh¢2420) and
the 7, , but it must have a momentum greater than 50D3(2420F, have been characterized by experiment as rela-

/1.6 MeV

Evel

FIG. 2. The¢m" mass spectrum for the on-resonance data. The
¢ mass is further required to be within 12 MeV of th¢ mass.

B. D** properties and B—D)*D** decays

MeV/c and less than 210 Me¢/ tively narrow resonanceld 3,14]. The two other states, the
D,(j=1/2)° and Dy(j=1/2)°, are expected to be much
IV. SEPARATION OF D{*)*D**) SIGNAL FROM broader[4]. A preliminary first observation of thé(j
BACKGROUND =1/2)°, confirming its broadness, was recently reported by
CLEO [15]. Although theDq(j =1/2)° remains experimen-
A. Two-body B decays toDJD* " final states tally undetected, conservation of parity and angular momen-

At the CLEO Il experimenteJre* collisions can create an tum forbids its decay tD* _’7T+, so it does not contribute to
Y (4S) resonance, which decays to a pairBfnesons. The this measurement. Table Il gives the masses, widthsnd

B's are produced nearly at resB£0.0646) and, for the allowed decays of the neutr@** 's [13-15. o
decay chain Y(4S)HB°§° B°.DD*~ and D*~ In accordance with current experimental limits, the
’ S ’

— masses and decay widths of the char j=1/2)",
—D% , theD and soft pionrg are nearly back-to-back Y ged )

in the lab frame because of the small 58303 MeV en-

. - =0 - . . TABLE I. DID* ™ final states from two-bod§3 decays.
ergy release in th®* ~—D"#r; transition. By making use

of their .relative d_irection, as well as the beam energy and BC Decays B+ Decays
kinematic constraints of the decay, th¢ and ther_ allow P
. — g * —
reconstruction of thé®J D* ~ final state. EZ HD*SP -
Other two-bodyB decays leading t®} D* ~ final states, B"—~Ds D

(whereD? " —

with strong O , ) correlations, are summarized in Table . s
D.y/Dg 0

|. These are modes producind>d * that decays t®_ y or

DJ 7O or producing eD** that decays t®* ~ . It should B®—~DSD** B'—D D**°
be noted that this method is not sensitiveBte-D** D* ™, (D** " —D* ") (D**%—D*"7")
as theD** decays predominantly t®K and no D** B°—D3 "D** - B*—DX"D**°
—DX decays have been observéti2]. Other relevant (D** ~—=D* «° (D**°D* 7+
modes, such as three-bodg decays of the formB andD¥ " — andD? " —
—D)*D* ", are treated in the discussion of systematic D! y/D{ 70 D{ y/DZ )

errors.
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TABLE II. D** 9 properties.

s

State JP Mass(MeV)  Width (MeV) Allowed

Decays

Y Ds _________

D{(j=1/2)° 0" Not Yet Observed — D
D,(2420) 1t 2422.0+1.8 18.9f‘3"§ D* FIG. 3. Definition ofa: the angle between the reverse direction
D,(j=1/2° 1% 2461742 290f§g4 D* 7 of the measure®_ and measured; .
D3 (24600 2 2458.9-2.0 235 D 7,D*

C. Partial reconstruction kinematics

In the decaysB—D{*)"D**) D*~—D% , the D/
and 4 are produced nearly back-to-back, and the angle
between the reversg. direction andm , shown in Fig. 3,
will be small. For theDsD* and D} D* signals,a ranges
between 0° and 30°, with most probable values at 11° and
12°, respectively. Fob{*)D** signal,a ranges from 0° to
50°, with the most probable value at 21°. In contrast to the
signal, the background consists of uncorrelabed and g
pairs, for whicha will be distributed at random.

D,(2420) , andD3(2460) are assumed identical to their
corresponding neutraD** © counterparts[17]. Like the
Do(j =1/2)°, the Dy(j=1/2)" does not decay t®* ~ 1.

Throughout this ArticleD** * denotes the sum of the
chargedD,(2420)", D% (2460)", andD4(j=1/2)" states,
while D** 9 denotes the sum of the neutrBl,(2420Y,

% (2460, andD,(j =1/2)°, andD** denotes the sum of
the threeD** * and threeD** © states.

Conservation of isospin and angular momentum predict ; ) X L
the branching fractions for thd=1 charged and neutral It is possible to further constraia from additional event
D** .D*~ decays. Heavy quark effective chiral pertur- information that determines the allowdd* ~ directions.

bation theory evaluates the branching fractions forlle2 ~ There exist a total of eight unknowns in the decay: Bfe

case[3]: three-momentum, the pareDt® = three-momentum, and the
_ two angles governing thB® direction. TheB energy is equal
B(Dy(j=1/2"—D* 7%=1/3, (1) tothe CLEO beam energy. Requiring conservation of energy
. and momentum in th&8°—~DJD*~ andD* " — D% de-
B(D1(2420 " —D* " 7")=1/3, (2)  cays vyields eight constraints, where the masses ofthe
. B L, DJ, D*, D° and 7~ are assumed. Solving for the un-
B(D3 (2460 —D*~m)=1/10, (3 knowns yields a pair oD* ~ solutions, due to a quadratic
ambiguity in the underlying algebra. The procedure of this
B(D4(j=1/2°—D* " =+)=2/3, (4)  solution follows.
TheD*~ andD° energies are determined from the mea-
B(D,(2420°—D* ~ 7*)=2/3, 5) suredD_ and . energies:
_ Ep*-=Egeam™ ED;, (8)
B(D%(2460°—D* ~7")=1/5. (6)
These branching fractions are assumed throughout. Applying Epo=Ep«-— Ew;- ©)
conservation of isospin to the spectator decay of Fig. 1, it is
(x)+y** 0 0 ) _
assu(in)e+d **al_so that theB™ —D* D*_* and B The magnitude oD* ~ and D® momenta follow from
—Dg’"D production rates are equal: their  energies pps-= m and  pso
E5o— Mgo. For the previously-assumed decay, kinemat-

[(BT=DX) D**0)=(BO=DX) D** ). (7) : e .
(B"—Ds ) (B"—Ds ) ™ ics constrain th®* ~ to a cone of allowed directions relative

to the measureB . The radius of this cone)y, is shown in

Thi lity i d th hout. : .
IS Equatly IS assumed throughou Fig. 4, and represents the angle between the rex@{seli-

In the Monte Carlo simulation, the three relevapit* °
mass states produce nearly identical slow pian momen-
tum distributions, resulting in signatures that are virtually \
indistinguishable by means of this partial reconstruction
technique. For this reason the relative production ratios of
D1(j=1/2)°, D,(2420F, and D¥ (2420 cannot be mea-
sured by this analysis, but are rather taken from previouéJs<
experimental resultsl5,17]. Similarly, it was not possible to ) _
separate th8—D_D** from the B—~D**D** modes, Cone of Kinematically
and the ratio of the branching fractions of these two decays
must be assumed. The consequences of both assumptions areFIG. 4. Definition of §,: the angle between the revergs
treated in the discussion of systematic errors. direction and the cone of alloweld* ~ directions.

Allowed D* Momenta

112003-5
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D* P g Cone
i
Cone of Kinematically / Minimum value of « %

*
Allowed D" Momenta obtained when cones

FIG. 5. Definition ofé,: the angle between the; and cone of intersect along inside edge.

allowedD* ~ directions.

FIG. 7. aq is the minimum valuex can take for an event where
the cones continue to intersect, and corresponds to the smaller cone
grazing the inside edge of the larger.

rection and inferred* ~. Using theD_ momentum magni-
tude, beam energy, and particle masggs;an be expressed
in the lab frame as

a less than the lower limit#,— 6,|, the smaller cone is
completely inside the larger, also preventing their intersec-
tion. As shown in Fig. 7, the lower limit occurs as the
smaller cone grazes the inside edge of the larger one, where

Kinematics also constrain thB* ~ to a cone of allowed this limitis defined asvo:
values about therg direction. The radius of this cone &, o= 01— 0 (13)
the angle between the_ and inferredD* ~, defined in the o—1mL Tl

lab frame and shown in Fig. S: Since only oner and onew, exist for a particular_ , 75 )
2 2 pair, they are unaffected by the quadratic ambiguity in the
MDO_MD*_MW’S D* ™ solutions.
205 ||Por] * B. Box In the case of the sign®°— D, D*~ mode,a is small,

° ° aq is as small or smaller, and thifferencebetweena and
Valid solutions for theD* ~ momentum exist at the intersec- o is very ;mall. Since the .background is.relatively igotropic
tion of the cones defined bg, and é,, as shown in Fig. 6. N COSa, it is more convenient to work yv|th the cosines of
For the two cones to intersect, the angle between the medb€ angles, where it is found that for signal, the difference
suredD_ and measuredr; —the angle previously defined C¢0S@o—COSa peaks sharply at small values. Signal Monte
asa—must be confined to a range bounded by the sum an{t@1° d|str|but|ons+ are shavxn in Fig. 8(:))\/+er the range
difference off, and 6, (—0.04,2.00) forD{D*~, D} “D*~, andD{*)*D** . Two

backgrounds are also shown in the figure: 8B back-

|601— 5| <a<6,+6,. (12 ground, from simulated non-signBlmeson events, and con-
tinuum background, frome*e”—cc, ss, uu, or dd. The
three signals display sharp peaking in egscosa, where
theD*D* andD{*)D** peaks are measurably broader than
theD,D*. IntheD? "D* ~ case, this broadness results from
the random nudge given tHg. by the y/#° in the DX~
—DJ y/DJ 7 transition, causing the two particles to be not
quite so back-to-back. For tHe{*)*D** | the broad peak
~ comes from the thrust given thB* ~ from the unrecon-
s

structed 7 produced during the intermediat®**°

—D* 7" decay. It should be noted that no sharp peaking

occurs in either background where thé andw are nearly

uncorrelated, though some hint of a peak is exhibited due to

kinematic correlations.

~ Itis seen from Fig. 8 that cag—cosa occasionally drifts

D, below zero. This is due to detector resolution effects that
distort the quantities used to calculate épsind co,.

2 2 2
Mao=M5. —M3 1

cosf,= (10

2lpplpos|  BoBor

2

cosf,= (11

For a greater than the upper limt, + 6,, the smaller cone is
entirely outside the larger one, preventing their intersectio
and the existence of a kinematically valid ~ solution. For

Two Allowed D* Solutions
at Intersection of Cones

D. Fit of the dat
FIG. 6. Valid D* ~ solutions exist where the combineéd and ot the data

6, cones intersect. There are generally two solutions, resulting from A sharp signal peak in the cag—cosa distribution of
a quadratic ambiguity in the underlying algebra. the CLEO on-resonance data previously described in Sec. Il,
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3000'—"""""""'(';')'—3000'—'"""""""('l',')'— 300 —————
1 . 3 Ai/SignaI Region H Data .
: : L D) p**) signal ]
2000 12000 . : D' e
] ] : O BB Background i
] ] : O Continuum Background
1000 —1000}r b H
. 1 ) % i ] 200
]'LF D, D" Signal ] [ D'’ D" Signal ] '
1] SN TG (P (s = S ST SO 3 E
OO AR AL RN RERRS BARRRRARERRARERRASY ) :
(c) 4 (d) ] % :
{ 200 5 § :
c a H
& 2000 i 1 w
< ] 100
Q
] 4{ 100p- ]
< 1000 . ]
D(;)D** Signal i BB Background ]
TR i AtV mhririen O_I....I....I....I....-
o ! ' ' | 0 05 10 15 20
(e) 1 COSao—COSa
100+ - 0
| 0 0.5 1.0 1.5 2.0
cos (ag) - cos (a)
50f+ - ) s .
. FIG. 9. The fitted cosy—cosa data distribution. The fit is bro-
é‘::(‘":g::’d ] ken down into three component®{*)D**) signal, BB back-
oot .. ,g,’, o] ground, and continuum background. The signal region-3.04
0 05 10 15 20 <co0Ss¢p—c0sa=<0.12. The continuum background is constrained
C0S xp=COS & by scaling the off-resonance background by the on or off-resonance

ratio.
FIG. 8. Signal Monte Carlo and background distributions of the

partial-reconstruction variable cag—cosa. Shown argl@ D ,D*
Monte Carlo simulation(b) D¥D* Monte Carlo simulation(c)
D®*)D** Monte Carlo simulation(d) BB background Monte Carlo
simulation, and(e) continuum data. The signals display a charac-
teristic narrow peak, while the backgrounds are relatively broad.

ration is effected by constructing a two-dimensional param-
eter space, where each signal carries a distinctive shape. Two
variables are required, of which the first is the magnitude of
D, momentumpp . The kinematics of th&—D{*)D* )

decays constrain the relevar®y momentum range to

superimposed on a relatively flat background, is seen in Fig1250 MeVk<pp <1925 MeVk. The second variable of
9. The figure also shows a binned maximum-likelihood fit to. . S . _ .
this data consisting of three componerﬁélf)D*(*) signal, interest is the cosine of the, decay angle as expressed in

= . the D*~ frame—co9),—where 6 is a helicity angle,
BB background, and continuum background. Theghown in Fig. 10. It is possible to calculate agsrom avail-

D{)D**) signal andBB background components are al- aple event information, without reconstructing té ~:
lowed to float, while the continuum level is fixed by scaling

the off-resonance background by the on-off-resonance ratio. Box(EX — E;O) pr — péo

The D{*)D**) component is a weighted combination of cosd, = — s o _
D,D*, DXD*, andD{*)D** signals, as the signal distribu- 2ppo 295« BoxMpxPpo

tion shapes in cogy—cosa are too similar for meaningful (15

separation. The signal is concentrated in the relatively small

region —0.04<cosap—cosa<0.12, where the data contains Here the kinematics of thB®— D;r D* ~ mode have been
528 events. Table Il lists fit results of the three Component%ssumed_ The quantiti%*, BD*! pﬂ_ , and pD are ex-
for this signal region. The errors listed are statistical. The s s
subsequent analysis of the reIatiDé*)D*(*) rates and po- P
larizations is confined to the signal region: D*~ frame,

ressed in the lab frame, whif, , Efo, andppo are in the

—0.04<cosap—cosa<0.12. (14 TABLE IIl. Fit results for the data signal region-0.04

<cosap—Ccosa<0.12, containing 528 events. Errors are statistical.
V. SEPARATION OF D,D*, D*D*, AND D{*)D**

SIGNALS. MEASUREMENT OF D%D* POLARIZATION Mode Number of events
A. Definition of the two-dimensional pp_vs cosé, D*)D**) signal 314.0+ 24.0
parameter space BE Background 138.9+5.2
Once the background levels have been determined, theontinuum 74.9constrainey

signal modes may be separated from one another. This sepa
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In the B>~DJD*~ mode, theD* ™ is produced in a _mﬂ:'”':":“:'”“DD"“':ﬂ’DU“"DD"“ o
(3,3,)=(1,0) state, and conservation of helicity distributes . :Elu ° EE'B o NT3: EIEJ SR )
the . as cod6,,. Imperfect detector resolution smears the ' '1'4' ' '1'6' ' '1'8' —— '1'4' '1'6' ! ':’8' '

shape. For the case of longitudinally polarizBd *D* ~ Pps (GeVie)

from B® decays, theD* ~ is also produced in a (1,0) state.

However, the resulting c88, shape is not centered at the  FIG. 11. pp_ Vs cost, distributions for the four signal Monte
origin, but is rather shifted downwards. This shift comesCarlo and two background samples. Shown @eDsD* Monte
from the missingy/#° (whereD**—DZy/D{ #°), which C_arlo s_imulation,(b) Iongitudinally polarizedD? D* Monte _Carlo
was not taken into account in the calculation of gosNev- simulation, (c) transversely polarize®? D* Monte Carlo simula-
ertheless the original cé&. shape is well preserved, cen- tion, (d) DSD** Monte Carlo simulation(e) BB background
tered at—0.2, and falls over the range-(1.2,0.8). In the Monte _Carlo simulation, andf) cont_inuum.data. T_he box size is
case of transversely polarizedt* *D*~, the D*~ is pro- proportional to the number of candidates in the bin.

duced in a (1,1) or (};1) state, and the resulting, pro-
duces a helicity distribution of 4 co$d,., also centered at
—0.2. Finally, the thre®** © states each produce thg in
their unique helicity distributions: thB,(2420) decays as _
1+3 cog6,, the D% (2460 decays as *cosd,, and the B. The fitted data

D1(j=1/2)° decays isotropically. However, blending the A two-dimensional binned maximum-likelihood fit is ap-
three D** © states according to their production ratios in plied to the data. TheBB and continuum backgrounds,
D, D** andD3 "D** effectively washes out any character- whose levels were determined in the previous one-
istic helicity shape. The resulting blended distribution is cendimensional fit to the cos,—cosa distribution, are fixed
tered at—0.4 and ranges over—(1.4,0.5), because of the here, and their shapes are parametrized as products of
missing intermediater (from D** —D* ~ar), which is not  Chebyshev polynomials. The two-dimensional Monte Carlo

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

accounted for in calculating c@s . The limits of cost. rel-  distributions are used for tHe{*)D* *) signals. Four signal
evant to this analySiS are thereforel.40< COSHW$1.05. Components are allowed to float: the numbeDQD*' num-
The pp_ versus co#, two-dimensional distributions are per of DX D*, number ofD(*)D** | and the relative longi-
shown in Fig. 11 for each of the four signaB{D*, longi-  tudinal D} D* polarization. Converting the likelihood to a
tudinally polarizedDgD*, transversely polarized3D*,  y2-like quantity (—2 In£), the resulting fit has a likelihood

andD{*)D**) and two backgroundsBB and continuum  of 125.4 for 130 bins with 4 floating parameters. Projections
Because the longitudinally polarized and transversely polarof data and fit along both thpp_and cosd, axes, broken
ized D D* produce markedly different shapes in this two- down into signal and background components, are shown in
dimensional distribution, they can be separated into twd-ig. 13. In Table 1V, the number of events resulting from the
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FIG. 12.pp_vs cosb,, distributions for the CLEO data. The plot
contains 528 events. The box size is proportional to the number of .
candidates in the bin. ol 0o
-1.0 -0.5 0.5 1.0
two-dimensional maximum-likelihood fit are reported for cos (9,)

each of theDEs*HD*(*) modes, along with their statistical 15 13 The projections of the two-dimensional CLEO data and
and systematic uncertainties, where the systematics will bg 41ong thep,+ axis (top) and cosd, axis (bottom). The fit con-

discussed in Sec. VI. L w4, tainsDD*, DID*, DI)D**, and background components.
The relative longitudinal polarization of thB? "D*

production is measured to be amount ofD(S*)+D** observed in the signal region 0.04

[ /T =(50.6+13.9+3.6)% (18) <cosay—cosa<0.12. Taking the factors all together, we
conclude that the data strongly indicate a substantial

where the first error is statistical and the second systemati®<*’ " D**) component.

C. The fitted data with the D{*)*D** component removed V1. SYSTEMATIC UNCERTAINTIES

Because production (BHDg*)J“D** has not been pre- The single largest uncertainty in the analysis is the 25%
viously observed, one might question its inclusion in the preincertainty in thedD — ¢ * branching fractior{8]:
ceding fit. A worthwhile consistency check is to remove the
D®)*D** from the set of functions and repeat the two-

di?:)efSiffal fitting procedure. The results, without therhis yncertainty is displayed separately from the other sys-
D"/ D**, are projected along thep axis and co¥,; axis  tematic uncertainties, which are listed in Table V.

in Fig 14. Thepp_fit projection shape matches the data well, A 1% systematic uncertainty in track finding and fitting
but is shifted systematically upwards by about 50 MeV/ efficiency is estimated for each fast charged track, which for
The cosd,, fit projection shape is decidedly different from the D{ add linearly to a 3% total. The slow pioms track

the data, since the projection is systematically low over the

region — 1.2<cos6,<—0.2 and systematically high over the ~ TABLE IV. Fitted yield for eachD{*)"D**) mode. The first
region — 0.2<cosf,<0.8. The co%,, fit projection also dis- error is statistical and the second is systematic. [Ff‘!é is the sum
plays a pair of symmetric peaks that are not reflected in th@f charged and neutré), (2420), D3 (2460), andD, (j =1/2) reso-
data. This two-dimensional fit has a likelihood of 139.9 for "2"C€s:

130 bins with three floating parameters, and since for this

B(DS— ¢7")=(3.6£0.9%. (19

fitting procedure the likelihood follows closely theé behav- Mode Fitted Yield
ior, this corresponds to a reduced significance of 3.8 standard B°~D/D*"~ 92.7+15.3+9.5
deviations. A study of the data sideband regions off the B°—D} "D*~ 149.2+30.4+20.9
cosap—cosa signal peak(i.e., where cogy—cosa=0.12) B— D) D** 81.6+23.3+15.3

reveals an amount dd{*)*D** that is consistent with the
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100 —T T r — T T T T r TABLE V. Systematic uncertainties in percent foB
. W Data 1==" DXD* Signal - —D*)"D**) decays and’, /T, the longitudinal polarization of
| —D,D* Signal  r-—-= B Background + Continuum | Df*D*~ .
> Source DID*~ Df'D*~ D) T IT
g D**
8
P D Tracking 3.0 3.0 3.0 30
€ s Tracking 5.0 5.0 50 5.0
@ Total Number of 1.8 1.8 1.8 —
BB Mesons
0 A T D DT T AT Fit Normalization 2.9 2.9 29 —
1.25 1.35 1.45 1.55 1.65 1.75 1.85 Monte Carlo Statistics 1.0 1.0 1.0 1.0
100 —————— F:DSI(G?WT) ——— T antinuum Subtraction 3.7 3.7 3.7 18
- B Data |=-=-, D;D* Signal i BB Background 1.6 1.6 1.6 1.0
| —D_D* Signal | r---= B Background + Continuum Subtraction
| + Continuum Shape 1.0 1.0 1.0 1.0
o | — i BB Background 1.0 1.0 10 10
S 50| e e R + + T‘L Shape
g | [T - + : 1 Dy(j=1/2):D,(2420): 0.8 2.9 45 0.6
2 | - D3 (2460) ratio
u S — “==  DID**:D!'D** Ratio 2.4 9.8 148 3.2
[ JESEE Non-Resonant 2.2 45 59 1.2
- D¥)*D* ~ 7 Production
0 L 1 1 | 1 L L | 1 1 1 | 1 1 1 | 1 L L | S
-10 05 es(a) 0.3 0 Total for D) D*™) yield 9.9 138 185 —
" B(¢p—K"K) 1.6 1.6 16 —
FIG. 14. Removing theD(*)D** component from the two-  B(D* ~—D° ;) 2.0 2.0 20 —
dimensional fit to the CLEO data, where data and fit are projected
along thepp+ axis (top) and cosy,, axis (bottom. The fit is split Total systematic uncertainty ~ 10.2 14.0 187 7.3

into DsD*, DED*, and background components. Tpg, fit pro-

jection shape is shifted upwards relative to the data, and jhit . .
projection shape is systematically low over the regier.2 dataset, the additional 9.2 events differ from the expected

<cos#,<-0.2 and systematically high over the region0.2  total by an acceptable 1.7 standard deviations. In order that

<c0s6,=<0.8. The likelihood is reduced by 3.8 standard deviationsthese events might be accounted for, a systematic error of

from the previous fit, which included R{)D** component. 2.9% is introduced into the overall signal yield. The polar-
ization measurement is not affected by this systematic error

finding and fitting uncertainty is estimated at 5%. The uncer N the fit normalization.

tainty in the total number oBB meson pairs introduces a Forty thousand signal Monte Carlo events were generated

yn! P for each of the nine signal mode®:; D* ~, longitudinally
systematic error of 1.8%.

) b . g —
The two-dimensional fit to the data estimates the totaPclla_”ZEd DS D* 7, tr_ansversely_polar|zedD§ D* ’
amount ofD*)D* *) signal at 323.2 events. Since the pre-Ds D**© [for each ofD;(2420F, D3(2460), and D]
vious one-dimensional fit to the cag—cose distribution, =1/2)°] andD? *D** © (also for all threeD** © state$. To
summarized in Table IIl, determined the levelDf*)D**)  estimate statistical limitations, the signal samples were di-
signal at 314.6 24.0, the two-dimensional fit result overes- vided in half and the half-samples used to refit the two-
timates the amount of signal by 9.2 events. To test for alimensionalpp: vs cos6, data distribution. The resulting
systematic bias in the two-dimensional fitting procedurefits differ from the original by less than 1.0%.
fifty simulated datasets were created and filled with An uncertainty is introduced by statistical fluctuations in
D(s*)D*(*) signal Monte Carlo distributiorBB background, the amount of continuum background. Varying the number
and continuum background according to the proportions obf continuum background events by one standard deviation
Tables 11l and IV. Following the procedure of fixing both (o) affects the overall two-dimensional fit yields by a maxi-
backgrounds and allowing all four signal components tomum of 3.7% and the polarization by a maximum of 1.8%.
float, two-dimensional fits to these simulated datasets gav&he uncertainty from statistical fluctuations in the total num-
fifty estimates of totaD{*)D* *) signal. Thedifferencebe-  ber of BB background events is anti-correlated with the con-
tween the estimate from each fit and the number of inputinuum background. This is the result of highly similar back-
D*)D**) events forms a distribution centered at 1.1 withground shapes in the one-dimensional fit to the @ps
an rms of 5.3, consistent with zero and indicative of an un—cosa data distribution. Refitting the two-dimensional data
biased fitting procedure. In the case of the fit to the reaHistribution with these fluctuations changes the yields by a
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maximum of 1.6%, and the polarization by a maximum ofimit on the D%(2460) branching fraction atB(B
1.0%, where the small uncertainty results from the anticor'-»D*(2460)‘v)B(D*(2460)—>D*Tr)<O 39% [16]. Al-
relation. 2 2 ' —

The two-dimensional continuum and background Shapegwough_there IS no meas_,urement of the mdtie:Dy(j
are parametrized as products of Chebyshev polynomials. +1/ 2l v,orei;ent observations at CLEO of t+he related TOde
Varying the polynomial coefficients by the parametrizationB™ —D**%m*  report B(B— D (242007 ")~2/35(B
errors and refitting the two-dimensional data distribution— D1(j =1/2)°7*)~2/33(B* —D3 (2460 7 ") [15]. As-
changes the results by less than 1.0% for either backgrounduming that B(D;(2420°—D* ~7")=B(D,(j = 1/2)°

I.n the two-dimensional ]flt.tO the data dl-str|but|0n, thereis . p*-++)=2/3 and B(D% (2460P—D* ~7*)=1/5, and
a single component containi@{*)*D** signal. TheD**  assuming that these relati@** - ratios hold in the semi-
label denotes the sum of thrée=1 charm states: thB;(j  leptonic case, nearly all of the inclusiB—D* ~ 7l ~ v will
=1/2), D1(2420), and theD3(2460). Each of these three be accounted for by resona®t-D** |~ ». This would leave
states has a unique mass and width, and produces a differemiily a small nonresonant component. Thus a conservative
pattern of; helicities. In building theD** signal compo-  upper limit is that non-resonaf— D) *D* ~ could be
nent, it is assumed that thB** production rate fromB  as large as 40% of the resonat-D{*)*D** branching
mesons is at a4(j=1/2):D,(2420)D%(2460) ratio of fraction. ThreeBHD(S*)D** + (non-resonantsamples were
2:1:6.7, in accordance with the knowd®;(2420) and created: one that contained 60% pBe>D®*)*D** with
D% (2460) production rates iB— D** 77 [13] and the pre- 30% non-resonarB—DJ D* ~ 7 and 10%B—D? "D* ~,
liminary evidence for theD,(j=1/2) [15]. To understand one that contained 60% puBe—D{*)*D** with 10% non-
the systematic bias introduced by this choice of ratios, theesonant B—~D;D* 7 and 30% non-resonantB
data was refit using widely varying ratios ¢2:1:3.3, _D**D* 4, and one that contained 60% purB
2:1:135,1:16.7, 4:1:6.7, 2:2:6.7, and 2:0.5:6.7). This _,pl)*p** with 20% non-resonanB—D;D* 7 and
caused th®,D* yield to vary by 0.8%, th&;D* yield to 2094 non-resonar—D* *D* . Refitting the data distri-
vary by as much as 2.9%, tHe{")D** yield to vary by pution with these B—D*)*D** +non-resonant B
4.5%, ang the polzaflzat|on to vary by 8-)6%- —D{*)*D*~ 7 samples changes the results by 2.2% for the

TheD{ D** :Dg p** ratio in theDg _D** component B—D_D*" case, by 4.5% for th& —~D* *D* ", by 5.9%
has beer_l fixed priori at 1:2 in the two-dimensional fit. The for the B—>D§*)+D**, and by 1.2% for the polarization.
assumption of this ratio follows from the analogous mode
B—D{*)D*, whereD,D*:D*D* has been previously mea- be the case that by 60% of reson@t-D*)* D** branch-

sured atl:2, a ratlg Sonfl_rm_ed ‘_Oy this analysis. _The ing fraction be non-resonant, the systematic errors would in-
p:;eudoscalar-vectcli]}s..Ds ratio in this spectator decay im- ....<o 1o 3.0% for th&—D;D* ", to 6.3% for theB
plies that the same ratio should hold for D 'D** caseas _ px+px- 10 8.1% for theB D) D**  and to 1.8%

S Ll . S y B

well. All the decaysB®—D{*)"D**) are spectator decays for the polarization. It should be noted that other non-
described by a single Feynman diagram and differentiatefesonant modes, suchBs-DJ D* ~ 7, produce thé_ in
only by the final angular momentum states of d8(D_ or  a momentum range that is almost entirely below the lower
D) andcq (D* or D**) quark pairs. To be particularly limit of 1250 MeV/c, excluding these modes from this
conservative, the ,D** :D¥D** ratio is allowed to vary —analysis. - .
between 1:1 and.:4. Pseudoscalar-vector spin consider- 1he 1998 PDG values for the andD* ~ branching frac-
ations strongly suggest that the ratio be confined betweefions are B(¢—K'K™)=(49.1x0.8)% and B(D*~
these two limits. Varying thdJ D** :D? "D** ratio be- ~—D°my)=(68.3-1.4)% [12]. These introduce systematic
tween 1:1 and 1:4 changes the fit results significantly, as therrors of 1.6% and 2.0%, respectively, into the extraction of
DI D*~ varies by a maximum of 2.4%, th@* *D*~ by  theD{)*D**) branching fractions.
9.8%, theD™*)™D** by 14.8%, and the polarization by It is assumed in measuring the longitudinal and transverse
3.2%. These errors are the second largest systematic uncé?s "D* ~ polarizations that these final states are indepen-
tainty, after theDJ — ¢a™ branching fraction uncertainty. ~ dent of one another. In actuality there exists, in the differen-
There exists the possibility that significant non- tial decay rate, an interference term between the longitudinal
resonanB— D{*)*D* 7 production could contribute to the and transverse states that is proportional to the azimuthal
data sample. The three-bod®—D*)"D* 7 decay peaks angle between the planes of tef " —Dgy and D*~
nearly as strongly as resonant signal in agscosa. While ~ — D%z~ decays. This interference vanishes in the integral
no measurements of tie—D{*)"D* ~ 7 non-resonant pro- over the azimuth, and introduces no systematic error into the
duction have been made, an analogy can be drawn to no@nalysis.
resonant production d—D* ~ 77l v. ALEPH has measured
the inclusive branching fractonB—D* =l » at
(1.25+0.25)%, and the product of exclusive branching frac-
tions  B(B—D(2420)  »)B(D,(2420P—D* )= (0.52 The factorization assumption, when expressed in the
+0.17)% [16]. ALEPH has also placed an upper framework of heavy quark effective theoiiQET) and ex-

SThese are the systematic errors listed in Table V. Should it

VIl. FACTORIZATION AND PREDICTION
OF POLARIZATIONS
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i resulting projections along both t and co9)_ axes are
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systematically different from the data as discussed in Sec.
V C. Furthermore, a level ob*)*D** is observed in the
data sideband regions of ceg—cosa consistent with that
seen in the signal region. We conclude that the data support
first evidence foB—D{*)*D** decays.

From the event yield of Table IV, we can calculate the
exclusive  branching fractions B°—~D D*~, B°
—D**'D*~, andB"—D{)*D** ©, where theD** © is the
sum of theD,(2420Y, D} (2460Y, andD,(j =1/2)° states
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2 (GeV?) B(BOH D;r D*7)=(1.10+0.18+0.11+0.28%, (20
FIG. 15. Relative fraction of longitudinal polarization in vector- 0 .
vectorB—D* ~X decays as a function af, whereq?=M?2, and B(B"—Dg " D*)=(1.82-0.37£0.25-0.46 %,
X is a vector meson. Shown are the 1998 measuremerB of (21)

—D* p, and theB®—D? "D*~ polarization measured here for
the first time. The shaded region represents the prediction using 4 (%)+ Tk Oy _ N 0
factorization and heavy quark effective theory, and extrapolating B(B"—Dg D )=(2.73+0.78+0.51+0.68%.

from the semileptoni®— D* | v form factor results. The contour is (22)
one standard deviatiorsy.

trapolating from the form factors measured by the semilep:”_‘e first error i_s st_atistical, the second systematic, ar+1d the
tonic B decaysB— D*1v, allows accurate estimate of the third the contribution from the uncertainty of thBg
hadronic decay rates for the mod&-D®)z, D*)p, ~ —¢m" branching fraction. ThesB®—D{)*D* = branch-
DXID®), andD*)D™) [2,18—2Q. Additionally, factoriza- ing fractions supersede the previous CLEO measurements
tion, HQET, and the semileptonic decays, predict the relativg1]. The extraction of the combinelag*)J'D** 9 branching
polarization of the vector-vector hadron products #8r fraction is contingent on the assumption of Egj), where the
—D* X decays, such aB8—D* p and B°~D{"D*"  (pargeds decay rateB* —D{*)"D** °, is presumed equal

[21,27. 0 (*)+ Nk — _

We observe a longitudinal polarization ‘QBO Eioortlh:Isnoelrjttaﬁltﬁr:se;a)}rln:aatsrisu_)m%tion I?)f thé ;Z?vi?j)gz;?*c

+ —

—D3"D* " of I' /T'=(50.6+13.9+3.6)% for q°= IV'D*S* ' —D* rates, shown in Eq$1)—(6). The assumptions fol-
where the first error is statistical and the second systemati¢ow from conservation of isospin in the spectaBdecay of
The observation is consistent with the prediction of (53.5Fig. 1. It is further assumed that the production rate8 6f
+3.3)% from factorization, HQET, and the semileptonic andB in Y (4S) decays are equal for all branching fraction
form factor measuremen{21]. The same combination also measurements.
predicts inB—D*"p a longitudinal polarization of’ /T The relative longitudinal D¥ polarization in B°
=(89.5+1.9)% atq®= Mﬁ, which compares favorably with _ p*+p* - is measured for the first time as
the most recent measurement of (8783)% [23]. Finally, s
predictions are also made that at lay? the longitudinal
polarization will be nearly 100%, and qi‘=qﬁ1ax decreases
to 33%[2]. Longitudinal polarization as a function of is
plotted in Fig. 15 for the factorization prediction and com-
pared with theD* p and Df "D*~ measurements. The ) ) o _
agreement is excellent, confirming the validity of the factor-Where the first error is statistical and the second systematic.
ization assumption and HQET in extrapolating the semilepThe measurement is consistent with the recent factorization

tonic form factor results for regions of higﬁ_ prediction of (53.5:3.3)%, confirming the validity of the
Another vector-vector hadroni decay mode which may factorization assumption in the domain of relatively higth

further test the factorization assumption at highis B®  [21].

—D**D* . This decay is Cabibbo-suppressed, and a po-

larization measurement will require higher statistics than

those provided by present experimefi4]. Future experi- ACKNOWLEDGMENTS

ments will also reduce the errors of tBé¢ ~p andD¥ *D* ~

measurements.

1-‘L 0 + —
?(B —D%"D*7)=(50.6+13.9-3.6)% (23
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