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We report on the observation ofB̄→D* p1p2p2p0 decays. The branching ratios forD* 1 and D* 0 are
(1.7260.1460.24)% and (1.8060.2460.27)%, respectively. Each final state has aD* vp2 component, with
branching ratios (0.2960.0360.04)% and (0.4560.1060.07)% for theD* 1 andD* 0 modes, respectively.
We also observeB̄→Dvp2 decays. The branching ratios forD1 and D0 are (0.2860.0560.04)% and
(0.4160.0760.06)%, respectively. A spin parity analysis of thevp2 system in theDvp2 final state shows
a preference for a wide 12 resonance. A fit to thevp2 mass spectrum finds a central mass of (1349
62525

110) MeV and width of (547686245
146) MeV. We identify this object as ther(1450) or ther8.
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I. INTRODUCTION

Currently mostB meson decays are unknown. The dec
width is comprised of hadronic decays, leptonic decays
semileptonic decays. Leptonic decays are predicted to
very small,'1024 in branching fraction. The semileptoni

branching ratio forB̄→Xe2n, Xm2n, andXt2n totals ap-
proximately 25%@1#. The remainder must come from ha
ronic decays, where the measured exclusive branching ra
total only a small fraction of the hadronic width.

To be more explicit, the measured hadronic decay mo

for the B̄0 including D1(np2), D* 1(np2), where 3>n
>1, D1(* )Ds

2(* ) , andJ/c exclusive totals only about 10%
@1#. TheB2 modes total about 12%.

Yet, understanding hadronic decays of theB is crucial to
ensuring that decay modes used for measurement ofCP vio-
lation truly exhibit the underlying quark decay mechanis
expected theoretically.

It is also interesting to note that the average charged m
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tiplicity in a hadronicB0 decay is 5.860.1 @2#. Since this
multiplicity contains contributions from the decay ofD1 or

D* 1 normally present inB̄0 decay, we expect a sizable
approximately several percent, decay rate into final sta
with four pions@3#. The observedD (* )(np)2 final states for
n<3 are consistent with being quasi-two-body final stat
For n of two ther2 dominates, while forn of three thea1

2

dominates@4#. These decays appear to occur from a sim
spectator mechanism where the virtualW2 materializes as a
single hadron:p2, r2, or a1

2 . The decay rates can be un
derstood in a simple ‘‘factorization’’ model where the dec
rate is given by the product between two currents, one
tween theB̄ and theD and the other given by the virtualW2

transforming into the light hadron of interest@5#.
In this paper we investigate final states forn of 4. We will

show a large signal for theD* 1p1p2p2p0 final state in
Sec. III. In Sec. IV we will show that a substantial fractio
;20%, arise fromD* 1vp2 decays and that thevp2 mass
1-2
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TABLE I. Mass resolutions (s) in MeV (p in units of MeV!.

D1→K2p1p1 D0→K2p1 D0→K2p1p0 D0→K2p1p1p2

6.0 p30.933102316.0 p30.6831023111.6 p30.923102314.7
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distribution has a resonant structure around 1.4 GeV wit
width of about 0.5 GeV. In Sec. V, similar conclusions a
drawn about theD* 0p1p2p2p0 final state. The same
structure is shown to exist inDvp2 final states~Sec. VII!
and we will use these events to show in Sec. VII F that
spin parity is most likely 12. This state is identified as th
r8, sometimes called ther(1450). We perform a generalize
Breit-Wigner fit to get the best values of the mass and wid
discussed in Sec. IX and the Appendix.

Other resonant substructure is searched for, but not fo
~Sec. X!. Finally we summarize our findings and compa
with the predictions of factorization and other models in S
XI.

The data sample consists of 9.0 fb21 of integrated lumi-
nosity taken with the CLEO II and II.V detectors@6# using
the Cornell Electron Storage Ring~CESR! on the peak of the
Y(4S) resonance and 4.4 fb21 in the continuum at 60 MeV
less center-of-mass energy. The sample contains 19.43106 B
mesons.

II. COMMON SELECTION CRITERIA

Hadronic events are selected by requiring a minimum
five charged tracks, total visible energy greater than 15%
the center-of-mass energy, and a charged track vertex co
tent with the nominal interaction point. To reject continuu
we require that the Fox-Wolfram momentR2 be less than 0.3
@7#.

Track candidates are required to pass through a com
spatial point defined by the origin of all tracks. Tracks w
momentum below 900 MeV/c are required to have an ion
ization loss in the drift chamber within 3s of that expected
for their assigned mass.1 ~These requirements are not im
posed on slow charged pions fromD* 1 decay.! Photon can-
didates are required to be in the ‘‘good barrel region,’’ with
45° of the plane perpendicular to the beam line that pas
through the interaction point, and have an energy distribu
in the CsI calorimeter consistent with that of an electrom
netic shower. To selectp0’s, we require that the diphoton
invariant mass be between -3.0 to12.5s of the p0 mass,
wheres varies with momentum and has an average value
approximately 5.5 MeV. The two-photon candidates are t
kinematically fit by constraining their invariant mass
equal to the nominalp0 mass.

We selectD0 and D1 candidates via the decay mod
shown in Table I. We require that the invariant mass of theD
candidates lie within62.5s of the knownD masses. The
s ’s are also listed in Table I. TheD0 widths vary with theD0

momentum,p ~units of MeV!, while theD1 widths are not
momentum dependent.

1Here and throughout this papers indicates an rms error.
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We selectD* 1 candidates by imposing the addition r
quirement that the mass difference betweenp1D0 and D0

combinations is within62.5s of the known mass difference
For the D* 0, we use the same requirement for thep0D0

decay. The mass difference resolutions are 0.63 and
MeV, for thep1D0 andp0D0 modes, respectively@8#.

III. OBSERVATION OF B̄0\D* ¿p¿pÀpÀp0 DECAYS

A. B̄ candidate selection

We start by investigating theD* 1(4p)2 final state.2 The
D* 1 candidates are pooled with all combinations
p1p2p2p0 mesons.

Next, we calculate the difference between the beam
ergy, Ebeam, and the measured energy of the five particl
DE. The ‘‘beam constrained’’ invariant mass of theB̄ candi-
dates,MB , is computed from the formula

MB
25Ebeam

2 2S (
i

pW i D 2

. ~1!

To further reduce backgrounds we define

xb
25S DMD*

s~DMD* ! D
2

1S DMD

s~DMD! D
2

1 (
n(p0)

S DMp0

s~DMp0! D
2

,

~2!

whereDMD* is the computedD* 2D0 mass difference mi-
nus the nominal value,DMD is the invariant candidateD0

mass minus the knownD0 mass, andDMp0 is the measured
gg invariant mass minus the knownp0 mass. Allp0’s in the
final state are included in the sum. Thes ’s are the measure
ment errors. We select candidate events in each mode re
ing thatxb

2,Cn , whereCn varies for each decayD0 decay
mode. For theKnp decay modes we useCn512, 8, and 6,
respectively.

B. Branching fraction and „4p…

À mass spectrum

We start with theD0→K2p1 decay mode. We show th
candidateB̄ mass distribution,MB , for DE in the sidebands
from -5.0 to -3.0s and 3.0 to 5.0s on Fig. 1~a!. The DE
resolution is 18 MeV (s). The sidebands give a good repr
sentation of the background in the signal region. We fit t
distribution with a shape given as

back~r !5p1rA12r 2e2p2(12r 2), ~3!

2In this paper (4p)2 will always denote the specific combinatio
p1p2p2p0.
1-3
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wherer 5MB/5.2895 GeV, and thepi are parameters give
by the fit.

We next view theMB distribution for events havingDE
within 2s around zero in Fig. 1~b!. This distribution is fit
with a Gaussian signal function of width 2.7 MeV and t
background function found above whose normalization is

FIG. 1. The B̄ candidate mass spectra for the final sta
D* 1p1p2p2p0, with D0→K2p1 ~a! for DE sidebands and~b!
for DE consistent with zero. The curve in~a! is a fit to the back-
ground distribution described in the text, while in~b! the shape
from ~a! is used with the normalization allowed to float and a sig
Gaussian of width 2.7 MeV is added.
09200
l-

lowed to vary. The Gaussian signal width is found fro
Monte Carlo simulation. The largest and dominant comp
nent results from the energy spread of the beam. We
358629 events in the signal peak.

We repeat this procedure for the other twoD0 decay
modes. TheMB spectrum for theDE sidebands and the sig
nal region is shown in Fig. 2. TheDE resolution is 22 MeV
in the K2p1p0 mode and 18 MeV in theK2p1p1p2

mode. Signal to background ratios are worse in these
modes, but the significance in both modes is quite large.
numbers of signal events are shown in Table II.

We choose to determine the branching fraction using o
the D0→K2p1 decay mode because of the relatively lar
backgrounds in the other modes and the decreased sys
atic error due to having fewer particles in the final state.
order to find the branching ratio we use the Monte Ca
generated efficiency, shown in Fig. 3 as a function of (4p)2

mass. The efficiency falls off at larger (4p)2 masses be-
cause the detection of the slowp1 from the D* 1 decay
becomes increasingly more difficult. Since the efficiency v
ies with mass we need to determine the (4p)2 mass spec-
trum. To rid ourselves of the problem of the backgrou
shape, we fit theB̄ candidate mass spectrum in 50 MeV bi
of (4p)2 mass.~The mass resolution is approximately 1
MeV.! The resulting (4p)2 mass spectrum is shown in Fig

l

TABLE II. Event numbers for theD* 1p1p2p2p0 final state.

D0 decay mode Fitted No. of events

K2p1 358629
K2p1p0 543649
K2p1p1p2 329641
s

FIG. 2. TheB̄ candidate mass spectra for the final stateD* 1p1p2p2p0, the left-side plots are forD0→K2p1p0 ~a! DE sidebands,

~b! for DE consistent with zero; the right-side plots are forD0→K2p1p1p2 ~c! DE sidebands,~d! for DE consistent with zero. The curve
in the top plots,~a! and~c!, are fits to the background distribution described in the text, while in the bottom plots,~b! and~d!, the shapes from
~a! and ~c! are used with the normalization allowed to float and a signal Gaussian of width 2.7 MeV is added.
1-4
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FIRST OBSERVATION OFB̄→D (* )r82,r82→vp2 PHYSICAL REVIEW D 64 092001
4. There are indications of a low-mass structure around
GeV, that will be investigated further in this paper.

We find

B~B̄0→D* 1p1p2p2p0!5~1.7260.1460.24!%. ~4!

The systematic error arises mainly from our lack
knowledge about the tracking andp0 efficiencies. We assign
errors of 62.2% on the efficiency of each charged trac
65% for the slow pion from theD* 1, and65.4% for the
p0. The error due to the background shape is evaluate

FIG. 3. The efficiency for the final stateD* 1p1p2p2p0, with
D0→K2p1.

FIG. 4. The invariant mass spectra ofp1p2p2p0 for the final

stateD* 1p1p2p2p0, with D0→K2p1, found by fitting theB̄
yield in bins of 4p mass.
09200
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three ways. First of all, we change the background shape
varying the fitted parameters by 1s. This results in a change
of 63%. Second, we allow the shape,p2, to vary ~the nor-
malization,p1, was already allowed to vary!. This results in
3.8% increase in the number of events. Finally, we choos
different background function

back8~r !5p1rA12r 2~11p2r 1p3r 21p4r 3!, ~5!

and repeat the fitting procedure. This results in a 3.7%
crease in the number of events. Taking a conservative e
mate of the systematic error due to the background shape
arrive at63.8%. We use the current particle data group v
ues for the relevantD* 1 and D0 branching ratios of (68.3
61.4)% (D* 1→p1D0) and (3.8560.09)% (D0

→K2p1), respectively@1#. The relative errors, 2.0% for the
D* 1 branching ratio and 2.3% for theD0 are added in
quadrature to the background shape error, thep0 detection
efficiency uncertainty and the tracking error. The total trac
ing error is found by adding the error in the charged parti
track finding efficiency linearly for the 5 ‘‘fast’’ charged
tracks and then in quadrature with the slow pion from t
D* 1 decay. The total systematic error is 14%.

We wish to search for narrow structures. However,
cannot fit theB̄ mass spectrum in small (4p)2 mass inter-
vals due to a lack of statistics. Thus we plot the (4p)2 mass
for events in theMB peak for theD0→K2p1 mode and the
sum of all three modes in Fig. 5. We also plot two bac
ground samples: events at lowerMB (5.20325.257 GeV!
and those in theDE sideband separately. First we view th
plots in the canonical 50 MeV bins. Both background dist
butions give a consistent if somewhat different estimates
the background shape.~Each background distribution ha
been normalized to the absolute number of backgro
events as determined by the fit to theMB distribution.! In
any case no prominent narrow structures appear in the h
grams for the 10 MeV binning.

The most accurate distribution of 4p2 mass is obtained
by using the data in all threeD0 decay modes. The 4p2

mass distribution shown in Fig. 6 was found by fitting th
MB candidate mass distributions summed together. The
tribution has been corrected for efficiency as a function
mass. There is an additional 14% systematic scale un
tainty on all the points.

IV. B̄0\D* ¿vpÀ DECAY

To investigate the composition of the (4p)2 final state,
we now investigate thep1p2p0 mass spectrum for the
events in theB̄ peak. All threeD0 decay modes are used. W
show thep1p2p0 invariant mass distribution for events i
the B̄ mass peak in Fig. 7~there are two combinations pe
event!. A clear signal is visible at thev. The histograms on
the figure are for events either in the lowerMB range, from
5.203 GeV to 5.257 GeV, or in the previously definedDE
sidebands; nov signal is visible.

The purity of thev sample can be further improved b
restricting candidates to certain regions of the Dalitz plot
1-5
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FIG. 5. The invariant mass spectra ofp1p2p2p0 for the final stateD* 1p1p2p2p0, with D0→K2p1 ~upper left!, and the sum of

all threeD0 decay modes~upper right!. Events are selected by being within 2s of the B̄ mass. The solid histogram is the backgrou
estimate from theMB lower sideband and the dashed histogram is from theDE sidebands; both are normalized to the fitted number
background events. The same distributions~signal only! in smaller bins~lower plots!.
a
e

ne

is

a

the decay products. We define a cut on the Dalitz plot
follows. Let T0 , T1 , andT2 be the kinetic energies of th
pions, andQ be the difference between thev mass,Mv

~equal to 782 MeV!, and the mass of the 3 pions. We defi
two orthogonal coordinatesX andY, where

X53T0 /Q21 ~6!

Y5A3~T12T2!/Q. ~7!

The kinematic limit that defines the Dalitz plot boundary
defined as
09200
s Yboundary
2 5 1

3 ~Xboundary11!~Xboundary111a!

3@11b/~Xboundary112c!# ~8!

where a56m0 /Q, b56m2/(MvQ), c53(Mv

2m0)2/(2MvQ), m is the mass of a charged pion, andm0
the mass of the neutral pion.

For any set of three pion kinetic energies, we define
variabler, properly scaled to the kinematic limit as

r 5A X21Y2

Xboundary
2 1Yboundary

2 , ~9!
1-6
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where the boundary values are found by following the rad
vector from~0,0! through (X,Y).

For events in theB mass peak we show in Fig. 8 th
p1p2p0 invariant mass for three different cuts onr. Thev
signal is purified by restrictingr, since the Dalitz plot density

FIG. 6. The efficiency-corrected background-removed invari
mass spectra ofp1p2p2p0 for the final stateD* 1p1p2p2p0,
for the sum of all threeD0 decay modes.~There is an additiona
scale uncertainty of 14%.!

FIG. 7. The invariant mass spectra ofp1p2p0 for the final
stateD* 1p1p2p2p0 for all three D0 decay modes. The solid
histogram is the background estimate from theMB lower sideband
and the dashed histogram is from theDE sidebands; both are nor
malized to the fitted number of background events.~There are two
mass combinations per event.!
09200
l

for a 12 system decaying intop1p2p0 peaks atr equals
zero @9#.

For further analysis we selectv candidates within the
p1p2p0 mass window of 782620 MeV with r ,0.7. We
abandon thexb

2 cut here, as background is less of a proble

In Fig. 9 we show theB̄ candidate mass distribution for th
D* 1vp2 final state summing over all threeD0 decay
modes.~The signal is fit with the same prescription as b
fore.! There are 136615 events in the peak.

In Fig. 10 we show thevp2 mass spectrum in the left
side plot. The solid histogram shows events from the low
MB sideband region suitably normalized. The dotted his
gram shows the background estimate from theDE side-
bands, again normalized. In the signal distribution there
wide structure around 1.4 GeV, that is inconsistent w
background. We re-determine thevp2 mass distribution by
fitting the MB distribution in bins ofvp2 mass, and this is
shown on the right side.

Knowing thevp2 mass dependence of the efficiency w
evaluate the branching fraction:

B~B̄0→D* 1vp2!5~0.2960.0360.04!%. ~10!

We provisionally label the state at 1432 MeV theA2 and
investigate its properties later. Thevp2 comprises about

t

FIG. 8. The invariant mass spectra ofp1p2p0 for the final
stateD* 1p1p2p2p0 for all threeD0 decay modes for three se
lections onr less than~a! 1, ~b! 0.7, and~c! 0.5. The solid histogram
is the background estimate from theMB lower sideband and the
dashed histogram is from theDE sidebands; both are normalized
the fitted number of background events.
1-7
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17% of the (4p)2 final state. All of thevp2 final state is
consistent with coming fromA2 decay.

V. OBSERVATION OF BÀ\D* 0p¿pÀpÀp0

We proceed in the same manner as for theB̄0 reaction
with the exception that we use theD* 0→p0D0 decay mode
and restrict ourselves to theD0→K2p1 decay mode only
due to large backgrounds in the other modes. Thex2 is cal-
culated according to Eq.~2! and we use a cut value of 8. Th
MB distributions forDE sidebands and signal data are sho
in Fig. 11 for theD0→K2p1 decay mode. TheDE resolu-

FIG. 9. TheMB spectra forD* 1vp2 for all threeD0 decay
modes.~a! DE sidebands and~b! DE around zero.
09200
tion is 18 MeV. We see a signal of 195626 events yielding a
branching fraction of

B~B2→D* 0p1p2p2p0!5~1.8060.2460.27!%.
~11!

Thep1p2p0 mass spectrum shown in Fig. 12 shows t
presence of anv. Selecting events in thev mass window
with r ,0.7 we show the sideband and signal plots in Fig.
~Here we do not use the previously definedx2 cut.! The
branching ratio, based on 2666 events is

B~B2→D* 0vp2!5~0.4560.1060.07!%. ~12!

In Fig. 14 we show thevp2 mass spectrum. We see a
enhancement at around 1.4 GeV as in the neutralB̄ case.~We
do not have enough statistics here to fit theMB distribution
in bins ofvp2 mass.! Thevp2 fraction of the (4p)2 final
state is 25%, and all thevp2 is consistent with coming from
the A2.

VI. ANALYSIS OF D* ¿vpÀ DECAY ANGULAR
DISTRIBUTIONS

TheA2 is produced along with a spin-1D* from a spin-0
B̄. If the A2 is spin-0 theD* would be fully polarized in the
(J, Jz)5(1,0) state. If theA2 were to be spin-1 any com
binations of z components would be allowed. It is natu
then to examine the helicity angle of theD* 1 by viewing the
cosine of the helicity angle of thep1 with respect to theB̄ in
the D* 1 rest frame.

Another decay angle that can be examined is that of
vp system. If theA2 is spin-0, thev is polarized in the
~1,0! state and may be if theA2 is spin-1. Here the helicity
angle is defined as the angle between the normal to thv
decay plane and the direction of theA2 in the v rest frame.
For a spin-0A2 the distribution will be cosine squared
Again full polarization is possible if theA2 is other than
d
d

FIG. 10. The invariant mass spectra ofvp2 for the final stateD* 1p1p2p2p0 for all threeD0 decay modes.~left! Signal events satisfy
cuts onB mass,DE, andv mass~see text!. The solid histogram is the background estimate from theMB lower sideband and the dashe
histogram is from theDE sidebands; both are normalized to the fitted number of background events.~right! The mass spectrum determine
from fitting the MB distribution and fit to a non-relativistic Breit-Wigner function that gives a mass of 1432637 MeV and a width of
376647 MeV.
1-8
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FIRST OBSERVATION OFB̄→D (* )r82,r82→vp2 PHYSICAL REVIEW D 64 092001
spin-0, but any distribution other than cosine squared wo
demonstrate that the spin is not equal to zero.

For this analysis we use all threeD0 final states for the
D* 1 final state. To find the distributions we fit the number
events in theMB candidate plot selected on different ang
bins. Thevp mass is required to be between 1.1 and
GeV. This restriction leaves 111613 events.

In Fig. 15 we show the helicity angle distribution, cosuD*
for the D* decay. The data have been corrected for acc
tance. We also show the expectation for spin-0 from
Monte Carlo results. The data have been fit for the fraction
longitudinal polarization. We find

GL

G
50.6360.09. ~13!

The systematic error is much smaller than the statistical
ror.

The cosuD* distribution is not consistent with full polar
ization, yielding ax2 of 17.7 for 5 degrees of freedom. Th
helicity angle distribution for theA2→vp2, cosuv , is
shown in Fig. 16. Furthermore the cosuv distribution is quite
inconsistent with a cos2uv , yielding a x2 of 109 for 5 de-
grees of freedom. Therefore, we rule out a spin-0 assignm
for the A2.

To determine theJP we need a more well defined fina
state. This is provided by analysis ofB̄→Dvp2 decays.

FIG. 11. The B̄ candidate mass spectra for the final sta
D* 0p1p2p2p0, with D0→K2p1. Signal events satisfy cuts onB
mass andDE ~see text!. ~a! for DE sidebands and~b! for DE
consistent with zero. The curve in~a! is a fit to the background
distribution described in the text, while in~b! the shape from~a! is
used with the normalization allowed to float and a signal Gaus
of width 2.7 MeV is added.
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VII. OBSERVATION OF B̄\DvpÀ DECAYS

A. B̄ candidate selection

Here we study the reactionsB̄→Dvp2, with either a
D0→K2p1 or D1→K2p1p1 decay. OtherD0 or D1 de-
cays have substantially larger backgrounds.

n

FIG. 12. The invariant mass spectra ofp1p2p0 for the final
stateD* 0p1p2p2p0 for the D0→K2p1 decay mode. The solid
histogram is the background estimate from theMB lower sideband
and the dashed histogram is from theDE sidebands; both are nor
malized to the fitted number of background events. There are
combinations per event.

FIG. 13. TheMB spectra forD* 0vp2 for the D0→K2p1

decay mode.~a! DE sidebands and~b! DE around zero.
1-9
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FIG. 14. The invariant mass spectra ofvp2 for the final stateD* 0p1p2p2p0 for the D0→K2p1 decay mode.~left! Signal events
satisfy cuts onB mass,DE andv mass~see text!. The solid histogram is the background estimate from theMB lower sideband and the
dashed histogram is from theDE sidebands; both are normalized to the fitted number of background events.~right! The data fit to a
non-relativistic Breit-Wigner signal and a smooth background function. The mass and width are 1367675 MeV and 4396135 MeV,
respectively.
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Although we are restricting our search tov ’s, we define
two p1p2p0 samples. One within 20 MeV of the knownv
mass~782 MeV! and the other in either low mass or hig
mass sideband defined as threep mass either between 73
and 752 MeV or between 812 and 832 MeV. We also requ
a cut on thev Dalitz plot of r ,0.7.

To reduce backgrounds we define

xb
25S DMD

s~DMD! D
2

1S DMv

s~DMv! D
2

1S DMp0

s~DMp0! D
2

,

~14!

FIG. 15. The cosine of the angle between theD0 and theD*
flight direction in theD* rest frame for theD* A2 final state~solid
points! along with a fit~solid curve! allowing the amount of longi-
tudinal and traverse polarization to vary. The dotted curve is
expectation for a spin-0A2.
09200
e

whereDMD is the invariant candidateD0 mass minus the
known D0 mass,DMv is the invariant candidatev mass
minus the knownv mass, andDMp0 is the measuredgg
invariant mass minus the knownp0 mass. Thes ’s are the
measurement errors. We select candidate events requ
thatxb

2 is ,12 for theKp mode and,6 for theKpp mode.

B. BÀ\D0vpÀ signal

We start with theD0→K2p1 decay mode, for events in
thev peak. We show the candidateB̄ mass distribution,MB ,

e

FIG. 16. The cosine of the angle between the normal to
p1p2p0 decay plane and thev boost direction for theD* A2 final
state ~solid points! along with a fit ~solid curve! allowing the
amount of longitudinal and traverse polarization to vary. The dot
curve is the expectation for a spin-0A2.
1-10
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for DE in the sidebands from -7.0 to -3.0s and 7.0 to 3.0s
on Fig. 17~a!. This gives a good representation of the bac
ground in the signal region. TheDE resolution is 18 MeV
(s). We fit this distribution with the shape given in Eq.~3!.

We next view theMB distribution for events havingDE
within 2s around zero in Fig. 17~b!. This distribution is fit
with a Gaussian signal function of width 2.7 MeV and t
background function found above whose normalization is
lowed to vary. We find 88614 events in the signal peak.

We repeat this procedure for events in thev sidebands.
We use for ourxb

2 definition pseudo-v masses in the cente
of the sideband intervals. We show theMB distribution for
events in theDE sideband, defined above, and those hav
DE within 2s around zero in Fig. 18. We find no significa
signal.

C. B̄0\D¿vpÀ signal

The same procedure followed for theD0 final state is used
for theD1 final state. We show the candidateB̄ mass distri-
bution, MB , for events in theDE sideband on Fig. 19~a!.
The DE resolution is 18 MeV (s). This gives a good repre
sentation of the background in the signal region. We fit t
distribution with a shape given in Eq.~3!.

We next view theMB distribution for events havingDE
within 2s around zero in Fig. 19~b!. This distribution is fit
with a Gaussian signal function of width 2.7 MeV and t
background function found above whose normalization is
lowed to vary. We find 91618 events in the signal peak.

FIG. 17. The B̄ candidate mass spectra for the final sta
D0vp2, with D0→K2p1. ~a! for DE sidebands, and~b! for DE
consistent with zero. The vertical scale in~a! was multiplied by 0.5
to facilitate comparison. The curve in~a! is a fit to the background
distribution described in the text, while in~b! the shape from~a! is
used with the normalization allowed to float and a signal Gaus
of width 2.7 MeV is added.
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We repeat this procedure for events in thev sidebands.
We show theMB distribution for bothDE sidebands andDE
within 2s around zero in Fig. 20.

There is no evidence of any signal in thev sideband plot,

n

FIG. 18. The B̄ candidate mass spectra for the final sta
D0vp2, with D0→K2p1 andv sidebands forDE sidebands~his-
togram! and DE consistent with zero~points!. The DE sideband
numbers have been divided by 2.

FIG. 19. The B̄ candidate mass spectra for the final sta
D1vp2, with D1→K2p1p1 ~a! for DE sidebands and~b! for
DE consistent with zero. The vertical scale in~a! was multiplied by
0.5 to facilitate comparison. The curve in~a! is a fit to the back-
ground distribution described in the text, while in~b! the shape
from ~a! is used with the normalization allowed to float and a sign
Gaussian of width 2.7 MeV is added.
1-11
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leading to the conclusion that the signal is associated pu
with v.

D. Branching fractions

We determine the branching ratios, shown in Table III,
performing a Monte Carlo simulation of the efficiencies
the two modes. We use the current Particle Data Group
ues for the relevantv, D1 and D0 branching ratios of
(88.860.7)% (v→p1p2p0), (9.060.6)% (D1

→K2p1p1) and (3.8560.09)% (D0→K2p1) @1#. The
efficiencies listed in the table do not include these branch
ratios @10#.

The systematic error arises mainly from our lack
knowledge about the tracking andp0 efficiencies. We assign
errors of62.2% on the efficiency of each charged track, a
65.4% for thep0. The error due to the background shape
evaluated in three ways. First of all, we change the ba
ground shape by varying the fitted parameters by 1s. This
results in a change of65.0%. Second, we allow the shap
p2, to vary ~the normalization,p1, was already allowed to
vary!. This results in 5.5% increase in the number of even
Finally, we choose a different background function given
Eq. ~5! and repeat the fitting procedure. This results in
1.0% decrease in the number of events. Taking a conse
tive estimate of the systematic error due to the backgro
shape we arrive at65.5%.

FIG. 20. The B̄ candidate mass spectra for the final sta
D1vp2, with D1→K2p1p1 andv sidebands forDE sidebands
~histogram! andDE consistent with zero~points!. TheDE sideband
numbers have been divided by 2.
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E. vpÀ system

For all subsequent discussions we add theD0 and D1

final states together. We select sample ofv ’s in thep1p2p0

mass window of 782620 MeV using only combinations
having r ,0.7 in the Dalitz plot.

In Fig. 21 we show thevp2 mass spectrum in the left
side plot. The solid histogram shows events from the low
MB sideband region (5.20325.257 GeV! suitably normal-
ized. The dotted histogram shows the background estim
from theDE sidebands, again normalized. In the signal d
tribution there is a wide structure around 1.4 GeV, that
inconsistent with background. We re-determine thevp2

mass distribution by fitting theMB distribution in bins of
vp2 mass, and this is shown on the right side.

This structure appears identical to the one we observe

B̄→D* vp2 decays.

F. Angular distributions in DvpÀ

We can determine the spin and parity of theA2 particle
by studying the angular distributions characterizing its de
products. The decay chain that we are considering isB̄
→A D; A→vp andv→p1p2p0. The helicity formalism
@11# is generally used in the analysis of these sequential
cays. This formalism is well suited to relativistic problem

involving particles with spinJW and momentumpW because the

helicity operatorh5JW•pW is invariant under both rotation

and boosts alongp̂.
There are two relevant reference frames. The first o

that we will definexAyAzA is the rest frame of theA particle,
with the ẑA axis pointing in theA direction of motion in the
B rest frame. Thex̂A direction is arbitrary. The second on
xvyvzv , is related toxAyAzA by the rotation through 3 Eule
anglesfA ,uA ,2fA , as shown in Fig. 22. The anglefA
defines the orientation of the plane containing thev direction
in the A rest frame and theẑA axis with respect to thex̂A

2 ẑA plane. The angleuA is the polar angle of thev momen-
tum vector in theA rest frame. Note that theA decay plane
has an azimuthal anglefA both in thexAyAzA and in the
xvyvzv references. The anglesuv andfv define the orien-
tation of thev decay plane in thev rest frame. As the angle
fA is arbitrary, the only angle that has a physical meaning
x5fA2fv , the opening angle between theA decay plane
and thev decay plane.

Both the B̄ meson and theD meson are pseudoscala
therefore their helicity is 0. ThusA will be longitudinally
polarized independently of its spin. In order to calculate
decay amplitude for thisA→vp2 process, we need to sum
over thev helicity states:
TABLE III. Branching fractions for theDvp2 final state.

D decay mode Fitted No. of events Efficiency Branching fraction~%!

K2p1 88614 0.064 0.4160.0760.06
K2p1p1 91618 0.046 0.2860.0560.04
1-12
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FIG. 21. The invariant mass spectra ofvp2 for the final stateDvp2 for both D decay modes.~left! The solid histogram is the
background estimate from theMB lower sideband and the dashed histogram is from theDE sidebands; both are normalized to the fitt
number of background events.~right! The mass spectrum determined from fitting theMB distribution and fit to a Breit-Wigner function. We
find a peak value of 1415643 MeV and a width of 4196110 MeV.
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A5Slv
D0lv

!JA~fA ,uA ,2fA!Dlv0
!1 ~fv ,uv ,2fv!Blv0 ,

~15!

hereD0lv

!JA(fA ,uA ,2fA) is the rotation matrix that relate

the xAyAzA and the xvyvzv frames andDlv0
!1 (fv ,uv ,

2fv) is the rotation matrix relating thexvyvzv and the
direction of the normal to thev decay planen̂(uv ,fv).

In general, there are three helicity amplitudes that cont
ute to this decay:B10 and B210, corresponding to a trans
versev polarization, andB00, corresponding to a longitudi
nal v polarization. This expression can be simplified

FIG. 22. Relationship between theA rest framexAyAzA and the
v rest framexvyvzv . xA andxv lie in the same plane.
09200
-

observing thatA→vp is a strong decay and thus conserv
parity. Thus, the helicity amplitudes are related as

B105~21!12S(A)hAhvhpB210, ~16!

B005~21!12S(A)hAhvhpB00, ~17!

where S(A) is the spin of particleA and hA ,hv and hp

represent the intrinsic parity of the decaying particle and
decay products, respectively.

Equation ~16! relates the two transverse helicity amp
tudes, while Eq.~17! forbids the presence of a longitudina
component under certain conditions. For example, ifA is a
12 object, thev has transverse polarization andB2105
2B10. When the sign in Eqs.~16!–~17! is positive, two
parameters determined by the hadronic matrix element af
the angular distribution and thus we cannot fully determin
only on the basis of our assumptions on theA spin parity. We
have carried out the calculation of the predicted angular
tributions including spin assignment forA up to 2. The pre-
dicted angular distributions are summarized in Table IV.

The statistical accuracy of our data sample is not su
cient to do a simultaneous fit of the joint angular distrib
tions shown above. Thus only the projections along theuA ,
uv andx are fitted, integrating out the remaining degrees
freedom. Table V gives the analytical form for these proje
tions.

We determine the projections of these angular distri
tions by fitting theMB distribution as a function of the vari
ous angular quantities cosuA , cosuv , x. We restrict thevp2

mass range to be between 1.1 and 1.7 GeV, containing
signal events. In order to fit the angular distribution wi
theoretical expectations, we must correct the data for acc
1-13
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TABLE IV. Differential angular distributions~modulo a proportionality constant! predicted for different
spin assignments.~Note 01 is forbidden by parity conservation.!

JP ds/d cosuAd cosuvdx

02 uB00u2cos2uv

12 uB10u2sin2uAsin2uvsin2x
11 uB10u2sin2uAsin2uv cos2 x1uB00u2cos2uAcos2uv21/2 Re(B10B00* )sin 2uAsin 2uvcosx
22 3uB10u2sin22uAsin2uv cos2x1uB00u2(3 cos2uA21)2cos2uv

2A3 Re(B10B00* )sin2uA(3 cos2uA21)sin2uvcosx
21 3/4uB10u2sin22uAsin2uvsin2x
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tances. We determine the acceptance correction by com
ing the Monte Carlo generated angular distributions with
reconstructed distributions. The angular dependent effic
cies are shown in Fig. 23.

The corrected angular distributions are shown in Fig.
The data are fit to the expectations for the variousJP assign-
ments. For the 02, 12, and 21 assignments, the curves hav
a fixed shape. For the 11 and 22 assignments we let the rati
between the longitudinal and transverse amplitudes var
best fit the data. We notice that thev polarization is very
clearly transverse (sin2uv) and that infers a 12 or 21 assign-
ment.

We list in Table VI thex2/degree of freedom~DOF! for
the different JP assignments. The 12 assignment is pre
ferred, having ax2/DOF of 1.7. The other assignments a
clearly ruled out. If the 12 assignment is correct, the prob
ability that our fit yields ax2/DOF equal to 1.7 or greater i
3.8% @12#.

VIII. DISCUSSION OF THE NATURE OF AÀ

We have found a 12 object decaying intovp2. A non-
relativistic Breit-Wigner fit assuming a single resonance a
no background gives a mass around 1420 MeV with an
trinsic width about 400 MeV. Signals forvp2 resonances
have been detected before below 1500 MeV. There is a
established axial-vector state, the b1(1235), with mass 1230
MeV and width 142 MeV. Data on vector states, excitedr ’s,
are inconsistent. Clegg and Donnachie@13# have reviewed
t2→(4p)2n̄, e1e2→p1p2, and e1e2→p1p1p2p2

data, including thevp final state. Their best explanation
that of two 12 states at 1463625 MeV and 1730630 MeV
with widths 311662 and 4006100 MeV, respectively. Only
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the lighter one decays intovp. The situation is quite com-
plex, however. They conclude that these states must
mixed with non-qq̄ states in order to explain their deca
widths. There is also an observation of a wide, 300 Me
vp0 state in photoproduction at 1250 MeV@14#, that is
dominantly theb1(1235) @15# with possibly some 12 in ad-
dition. Our state is consistent with the lower massr8. We do
not seem to be seeing significant production of the hig
mass state intovp2, as expected.

Several models predict the mass and decay widths of
cited r and v mesons. For example, according to Godfr
and Isgur@16# the first radial excitation of ther is at 1450
MeV. There is a large variation among the models, howev
on prediction of the relative decays widths ranging from
pp to pp being equal tovp @17#.

Since we have observed a wide 12 state in the mass re
gion where ther8 is expected, the most natural explanati
is that we are observing ther8 for the first time inB decays.

We note thatt2 lepton decays intovp2 have been ob-
served, and the 12 spin-parity definitely established. How
ever, the relatively low mass of thet2 distorts the mass
spectrum significantly, and makes it difficult to extract ther8
mass and width@18,19#.

IX. MASS AND WIDTH VALUES FOR THE r8

Here we find the best values for ther8 mass and width.
This procedure is discussed in more detail in the Append
The shape of thevp2 mass spectrum is affected by th
phase space allowed by theB decay, theB decay amplitude,
the decay amplitude for ther8, and finally the shape of the
Breit-Wigner decay distribution. ForB→D (* )vp2 decay:
TABLE V. Projection of the angular distributions along the cosuA , cosuv , andx axes.

JP ds/d cosuA ds/d cosuv ds/dx

02 (4p/3)uB00u2 4puB00u2cos2uv 4/3uB00u2

12 (4p/3)uB10u2sin2uA (4p/3)uB10u2sin2uv
8
9 uB10u2sin2x

11 (4p/3)(uB10u2sin2uA (4p/3)(uB10u2sin2uv
4
9 (4uB10u2cos2x

1uB00u2cos2uA) 1uB00u2cos2uv) 1uB00u2)
22 (4p/3)(3uB10u2sin22uA (16p/5)(uB10u2sin2uv 4uB10u2cos2x

1uB00u2(3 cos2uA21)2) 1uB00u2cos2uv) 1uB00u2

21 puB10u2sin22uA (4p/5)uB10u2sin2uv
16
15 uB10u2sin2x
1-14
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FIG. 23. Reconstruction efficiency dependence on~a! cosuA , ~b! cosuv , and~c! x.
h
-
e

id

e

e

dix.

re.

at

d in
ith

ce-

an

c-
ch

va-

es
dG~B→D (* )vp!

5
1

2MB
uA~B→D (* )r8!BW~r8!A

3~r8→vp!u2dP~B→D (* )r8!

3dP~r8→vp!
dMvp

2

2p
, ~18!

whereD (* ) indicates either aD* or a D meson.
The phase space for two-body decays is well known. T

decay amplitude for theB decay can be obtained from fac
torization where ther8 is assumed to be identical to th
lepton current@5#. Finally the Lorentz structure of ther8
decay can be accounted for and we are left only to cons
a Breit-Wigner amplitude of the form

Breit-Wigner~Mvp!5
G~Mvp!Mvp

2

~Mvp
2 2M r8

2
!21Mvp

2 G2~Mvp!
,

~19!

where the mass dependent width is given by

G~Mvp!5G~M r8!

3S pv~Mvp!

pv~M r8!
D 3S M r8

Mvp
D n 11„Rpv~M r8!…

2

11„Rpv~Mvp!…2
.

~20!

We allow the parametersR and n to float in the fit. They
represent parametrizations of the hadronic matrix elem
and Blatt-Weiskopf damping factors.R is the r8 radius in
units of fm/\c. Figure 25 shows the fit toMvp distribution,
where we have summed theD0, D1, and D* 1 data. ~We
have corrected the data in each channel for theMvp effi-
ciency dependence, which is small for theD0 and D1

modes.!
The fit gives the mass and width to be (134962525

110)
MeV and (547686245

146) MeV, respectively. The errors ar
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statistical and systematic; they are derived in the Appen
The values forR and n are 2.0521.14

17.85 fm/\c and 0.5720.83
10.71,

respectively.

X. SEARCH FOR OTHER RESONANT SUBSTRUCTURE
IN D* „4p…

À

We have accounted for;20% of the (4p)2 final state.
We would like to disentangle other resonant substructu
Since the background is large in modes other thanD0

→K2p1, we will only use this mode. One process th
comes to mind is that where the virtualW2 materializes as
ana1

2 , that subsequently decays intop1p2p2 and we pro-
duce aD** 1 that decays intoD* 1p0. This process should
be the similar to that previously seen in the reactionB2

→D** 0p2, where theD** 0 decayed into aD* 1p2 @20#.
We search for the presence of ana1

2 by examining the
p1p2p2 mass spectrum in Fig. 26.

There is an excess of signal events above backgroun
the a1

2 mass region that cannot be definitely associated w
the a1. Proceeding by selecting events withp1p2p2

masses between 0.6 and 1.6 GeV, we show theD* 1p0 in-
variant mass spectrum in Fig. 27.

Although there is a suggestion of a low mass enhan
ment, it is not consistent withD** production that would
peak in region of 2.4222.46 GeV. Perhaps we are seeing
indication of fragmentation at theb→c decay vertex here.

We also display for completeness the ‘‘a1
2p0’’ mass dis-

tribution in Fig. 28. There may or may not be a wide stru
ture in the (4p)2 mass. At this point we abandon our sear
for substructure in this decay channel.

XI. DISCUSSION AND CONCLUSIONS

We have made the first statistically significant obser
tions of six hadronicB decays shown in Table VII.

There is a low-mass resonant substructure in thevp2

mass. The fit to a sophisticated Breit-Wigner function giv
the mass and width to be (134962525

110) MeV and (547
686245

146) MeV, respectively.
1-15
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FIG. 24. The angular distribution ofuA ~top left!, uv ~top right!, andx ~bottom!. The curves show the best fits to the data for differe
JP assignments.~The 02 and 11 are almost indistinguishable in cosuA , while the 12 and 21 are indistinguishable in cosuv andx.!
en

d

for
The structure at 1349 MeV has a spin-parity consist
with 12. It is likely to be the elusiver8 resonance@13#.
These are by far the most accurate and least model depen
measurements of ther8 parameters. Ther8 dominates the
final state.~Thus the branching ratios for theD (* )vp2 apply
also forD (* )r82.!
09200
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Heavy quark symmetry predicts equal partial widths
D* r8 andDr8. We measure the relative rates to be

G~B̄0→D* 1r82!

G~B̄0→D1r82!
51.0460.2160.06 ~21!
TABLE VI. Results of fits to angular distributions.

02 11 12 21 22

x2/degree of freedom 7.0 4.5 1.7 3.2 5.3
Degree of freedom 15 14 15 15 14
Probability 1.9310215 3.331028 3.8% 2.731025 3.3310210
1-16
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G~B2→D* 0r82!

G~B2→D0r82!
51.1060.3160.06 ~22!

G~B̄→D* r82!

G~B̄→Dr82!
51.0660.1760.04. ~23!

FIG. 25. Fit to theMvp distribution. The data in theD0, D1,
and D* 1 channels have been summed and corrected using m
dependent efficiencies.

FIG. 26. The invariant mass spectra ofp1p2p2 for the final
stateD* 1p1p2p2p0 for D0→K2p1. The solid histogram is the
background estimate from theMB lower sideband and the dashe
histogram is from theDE sidebands; both are normalized to th
fitted number of background events.
09200
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FIG. 27. The invariant mass spectra ofD* 1p0 for p1p2p2

masses between 0.621.6 GeV for the final stateD* 1p1p2p2p0

with D0→K2p1. The solid histogram is the background estima
from theMB lower sideband and the dashed histogram is from
DE sidebands; both are normalized to the fitted number of ba
ground events.

FIG. 28. The invariant mass spectra ofp1p2p2p0 for
p1p2p2 masses between 0.621.6 GeV for the final state
D* 1p1p2p2p0 with D0→K2p1. The solid histogram is the
background estimate from theMB lower sideband and the dashe
histogram is from theDE sidebands; both are normalized to th
fitted number of background events.
1-17
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Thus the prediction of heavy quark symmetry is satisfi
within our errors.

Factorization predicts that the fraction of longitudinal p
larization of theD* 1 is the same as in the related semile
tonic decayB̄→D* l 2n̄ at four-momentum transferq2 equal
to the mass squared of ther8 @5#

GL~B̄→D* 1r82!

G~B̄→D* 1r82!
5

GL~B̄→D* l 2n̄ !

G~B̄→D* l 2n̄ !
U

q25m
r8
2

. ~24!

Our measurement of theD* 1 polarization~see Fig. 15! is
(6369)%. Themodel predictions in semileptonic decays f
a q2 of 2 GeV2, are between 66.9 and 72.6%@21#. Thus this
prediction of factorization is satisfied.

We can use factorization to estimate the product of ther8
weak decay constantf r8 and the branching ratio forr82

→vp2. The relevant expression is

G~B̄→D* 1r82, r82→vp2!

~dG/dq2!~B̄→D* l 2n!uq25m
r8
2

56p2c1
2f r8

2 B~r82→vp2!uVudu2, ~25!

wherec1 is a QCD correction factor. We usec151.160.1
@22#.

We use the semileptonic decay rates given in Barishet al.
@23#. The product

f r8
2 B~r82→vp2!50.01160.003 GeV2, ~26!

where the error is the quadrature of the experimental er
on the experimental branching ratios andc1.

The model of Godfrey and Isgur predicts decay consta
widths and partial widths of mesons comprised of lig
quarks by using a relativistic treatment in the context
QCD @16#. They predict bothf r8 and B(r82→vp2); the
values are 80 MeV and 39%, respectively. The branch
ratio prediction is believed to be more accurate@24#. We use
this to extract

f r85167623 MeV. ~27!

The model predicts a lower value forf r8 than observed here
if factorization is correct.

TABLE VII. Measured branching ratios.

Mode B ~%! No. of events

B̄0→D* 1p1p2p2p0 1.7260.1460.24 1230670

B̄0→D* 1vp2 0.2960.0360.04 136615

B̄0→D1vp2 0.2860.0560.04 91618

B2→D* 0p1p2p2p0 1.8060.2460.27 195626
B2→D* 0vp2 0.4560.1060.07 2666
B2→Dovp2 0.4160.0760.06 88614
09200
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We note that all theB→D (* )r8 branching ratios that we
have measured are approximately equal to theB→D (* )r
branching rates@4# if a model value ofB(r82→vp2)
539% is used.

Finally, although the B̄0→D* 1(4p)2 and B2

→D* 0(4p)2 branching ratios are nearly equal, thevp2

branching ratios are about 1.5 times larger for the chargeB
than the neutralB, maintaining the trend seen for thep2 and
r2 final states. Since theB2 lifetime is if anything longer
than theB0, this trend must reverse for some final states
has not forD (* )r8.
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APPENDIX: DETERMINATION OF THE r8 MASS
AND WIDTH

1. Introduction

Since ther8 decays tovp2 via a P wave, we need to tak
into account the fact that the width,G(Mvp), may not be
constant, but can vary withMvp . Furthermore we need to
consider the kinematic limits fromB→D (* )r8 decay and
r8→vp decay.

2. Differential decay distribution

We can write a general expression for the differential d
tribution for Mvp in dG(B→D (* )vp) via ther8 as

dG~B→D (* )vp!

5
1

2MB
uA~B→D (* )r8!BW~r8!

3A~r8→vp!u2dP~B→D (* )r8!

3dP~r8→vp!
dMvp

2

2p
, ~A1!

wheredP indicates a phase space term,BW indicates some
form of a Breit-Wigner shape function, andA indicates an
amplitude.

The phase space ofB→D (* )r8 provides a cutoff at higher
Mvp , whereas the phase space ofr8→vp provides a cutoff
at lower Mvp . We assume that the two decay stages
independent and can be factorized. Thus the function ca
calculated from the widths ofB andr8 decays.
1-18
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a. B decay width

The width forr8 production is given by

G~B→D (* )r8!5
1

2MB
uA~B→D (* )r8!u2dP~B→D* r8!

~A2!

dP~B→D (* )r8!5
1

8p S 2pD*
MB

D ~A3!

A~B→D (* )r8!;AGFVcb3Lorentz structure3 f r8~Mvp!

where f r8(Mvp) is ther8 weak production form factor.
Instead of having to calculatef r8(Mvp), we can use our

knowledge of semileptonicb decays,B→D (* )l 2n̄ coupled
with factorization to approximateA(B→D* r8).

Factorization tells us

G~B→D (* )r8!

56p2uVudu2f r8
2

~Mvp!ua1u2
dG~B→D (* )ln!

dq2 U
q25M

vp
2

}pD(* )Mvp
2 3$uH1~Mvp

2 !u21uH2~Mvp
2 !u2

1uHo~Mvp
2 !u2%. ~A4!

The helicity amplitudesH(Mvp
2 ) can be related to the axia

vector form factorsA1(q2) andA2(q2), and vector form fac-
tor V(q2). Details can be found in Ref.@25#.

H6~q2!5~MB1MD* !A1~q2!7
2MBpD*

MB1MD*
V~q2!

Ho~q2!5
1

2MD*Aq2 F ~MB
22MD*

2
2q2!

3~MB1MD* !A1~q2!

2
4MB

2pD*
2

MB1MD*
A2~q2!G . ~A5!

In the heavy-quark symmetry limit, the form facto
A1 ,A2, and V are related to the Isgur-Wise function. Wit
correction due to finite heavy quark mass andas , they can
be written as

A1~q2!5F12
q2

~MB1MD* !2G MB1MD*

2AMBMD*
hA1

~w!

A2~q2!5R2

MB1MD*

2AMBMD*
hA1

~w!

V~q2!5R1

MB1MD*

2AMBMD*
hA1

~w!, ~A6!
09200
wherew is the invariant four-velocity transfer.
The values calculated by Neubert forR1 andR2 have the

explicit dependence onw @26# of

R1~w!51.3520.22~w21!10.09~w21!2

~A7!
R2~w!50.7910.15~w21!20.04~w21!2,

while Close and Wambach@27# determine

R1~w!51.1520.07~w21!1O~w21!2

~A8!
R2~w!50.9110.04~w21!1O~w21!2.

CLEO measuredR1(0) andR2(0) to be 1.1860.3060.12
and 0.7160.2260.07, respectively@28#. The form factor
hA1

(w) can be assumed to be linear ashA1
(w)512rA1

2 (w

21); CLEO measuredrA1

2 to be 0.9160.1560.06.

G(B→D* r8) as function ofMvp is shown in Fig. 29,
where the form factorf r8 is not included.

b. Width of r8 decay

The width ofr8 decay can be expanded as

G~r8→vp!5
1

2Mvp
uA~r8→vp!u2dP~r8→vp!

~A9!

dP~r8→vp!5
1

8p S 2pv

Mvp
D ~A10!

FIG. 29. Decay width ofB→D* r8 as function ofMvp . The
parametersR1 and R2 are from Neubert~solid line!, Close and
Wambach~dashed line!, and the CLEO measurement~dotted line!,
with rA1

2 as 0.91.
1-19
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A~r8→vp!5Lorentz structure3h~Mvp
2 !,

~A11!

wherepv is evaluated in thevp rest frame, andh(Mvp
2 ) is

ther8 strong decay form factor, which is usually assumed
be a constant.

The Lorentz structure ofr8→vp must be linear in the
polarization vectors of ther8 and thev. The simplest math-
ematical expression is«r8•«v , which is S wave. For P wave
since«r8•pr850 and«v•pv50 by transversality, the only
Lorentz scalers we can form are («r8•pv)(«v•pr8) and
emnab«r8

m «v
n pv

apr8
b . The first term violates parity conserva

tion. Later, we describe the detailed calculation of the sec
term, which gives

uA~r8→vp!u25h2~Mvp
2 !uemnab«r8

m «v
n pv

apr8
b u2

}h2~Mvp
2 !Mvp

2 pv
2 . ~A12!

Thus, the width ofr8→vp is

G~r8→vp!}h2~Mvp
2 !pv

3 . ~A13!

Note that the contribution of longitudinal polarizedv to
the width is zero, which is consistent with our spin-par
study; our measurements gaveGLong /G tot to be (1069)% in
the D* vp mode and (20.4622%) in theDvp mode.

c. Breit-Wigner function

The Breit-Wigner function has a long history. Fundame
tally we are approximating the decay as having a n
changing amplitude as a function of mass in the simp
case. In general the denominator of the Breit-Wigner ha
fixed form in amplitude given by

Denominator5Mvp
2 2M r8

2
2 iM vpG tot~Mvp!.

~A14!

The numerator is where we have to have more discuss
Sincevp is a large decay mode ofr8, we assume that the
mass dependence ofG tot can be approximated by the ma
dependence ofGvp ,

G tot~Mvp!5G tot~M r8!
Gvp~Mvp!

Gvp~M r8!
. ~A15!

From the derivation ofG(r8→vp) above, we see that

Gvp~Mvp!

Gvp~M r8!
5S h~Mvp

2 !

h~M r8
2

!
D 2

3S pv~Mvp!

pv~M r8!
D 3

. ~A16!

d. Differential distribution

Equation~A2! now can be rewritten as
09200
o
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n.

dG~B→D* vp!5G~B→D* r8!

3
2MvpGvp~Mvp!

~Mvp
2 2M r8

2
!21Mvp

2 G tot~Mvp!2

3
dMvp

2

2p
. ~A17!

With the relation shown in Eq.~A15!, we have the differ-
ential function which can be used for fitting the mass dis
bution,

dG~B→D* vp!

dMvp
5C3G~B→D* r8!

3
GMvp

2

~Mvp
2 2M r8

2
!21Mvp

2 G2
,

~A18!

whereG is theMvp-dependent total width. From Eq.~A15!
and Eq.~A16! we obtain

G5G03S h~Mvp
2 !

h~M r8
2

!
D 2

3S pv~Mvp!

pv~M r8!
D 3

. ~A19!

e. Decay form factor ofr8\vp

Now, what form should we use forh(Mvp
2 )? In Eq.

~A12!, the dimensions ofh(Mvp
2 ) are GeV21, but the depen-

dence onMvp could be anything. So we can tryh(Mvp
2 )

}Mvp
n , wheren is allowed to float in the fit.

h(Mvp
2 ) could also include Blatt-Weisskopf factors@29#.

A Blatt-Weisskopf factor for the P-wave decayr8→vp
would be of the form

FF~Mvp
2 !5

11„Rpv~M r8!…
2

11„Rpv~Mvp!…2
~A20!

whereR is the radius of ther8 meson. A typical value isR
51 fm/\c.

3. Fit to M vp spectrum

Since we are limited by the statistics, we chose to add
D andD* final states together. This is permissible since
Lorentz structure ofr8 decay in the different modes is th
same. The only difference is in the width ofB→D (* )r8 part,
that depends onMvp , however this difference is slight.

We use following formula to represent the width:

G~Mvp!5G~M r8!

3S pv~Mvp!

pv~M r8!
D 3S M r8

Mvp
D n 11„Rpv~M r8!…

2

11„Rpv~Mvp!…2
.

~A21!

We allow the parametersR andn to float. We use Neubert’s
calculated values forR1 andR2; effects of changing this to
1-20
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other estimates will contribute to the systematic error. Fig
25 shows the fit toMvp distribution.

The fit gives the mass and width to be (1349625) MeV
and (547686) MeV, respectively. The values forR andn are
2.0521.14

17.85 and 0.5720.83
10.71, respectively.

Systematic errors can arise from several sources. We
our fit globally by restricting the mass range to below 1
GeV. This results in a shift in the mass by -5.7 MeV and
width by -23.2 MeV. Both of these changes are much sma
than the statistical error.

Two specific sources of systematic error are using theD*
mass to represent bothD* and D meson final states, an
using the form factorsR1 andR2 from Neubert’s calculation.
To estimate the error on the former, we use theD in the fit;
for the latter we use form factors as calculated by Close
Wambach or, the CLEO measurement of these parame
Listed in the Table VIII are the contributions from each
these sources.

Finally, to estimate the error due to our model of thevp2

shape, we allow the values ofR andn to change so that the
x2 of the fit increases by one unit, corresponding to a o
standard deviation variation. We list in Table VIII the max
mum positive and negative changes in the mass and w
values allowed by these variations. Thus our final value
the mass ofr8 resonance is (134962525

110) MeV. The width
is (547686245

146) MeV.
It is possible that values of ther8 mass and width could

be affected if additional resonance substructure of unkno
origin were to be included. There is no evidence, howev
that such structures are needed. By including all the kno
physics effects of phase space and Lorentz structure we
able to describe the data quite well.

4. Calculation of the Lorentz structure

In this section, we will calculate the Lorentz structu
uemnab«r8

m «v
n paqbu2, where we usepa and qb to represent

the four momentum ofr8 and v. In general the helicity
structure is more apparent when calculated in a rest fra
where ther8 is in motion. Later we will give the expressio
in r8 rest frame.

The transversality«v•pv50 @30#. For spin-1 massive
particle with momentumpW 5peW z , the helicity states can b
represented as

« (6)57~0,1,6 i ,0!

TABLE VIII. Mass and width fit of resonancer8.

Parameters Mass~MeV! Width ~MeV!

Neubert~nominal! 1349625 547686
M5MD 24.0 231
Close and Wambach 21.5 29
CLEO D* ln 18.2 124
Vary R andn 23.2

15.8
231
140

Systematic error 25.3
110.0

245
146
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« (0)5~p,0,0,E!/M . ~A22!

For generalpW , we can construct« (0) as follows:

« (0)5S p

M
,
EpW

Mp
D . ~A23!

The « (6) are not shown as they will not be directly used.
Now we need to prepare calculations of several quantit

First is « (l)
m « (l)

n . The summation over all helicity states
given in@30#. For helicity 0, we use Eq.~A23! and expand it.
We have

(
l50,6

« (l)
m « (l)

n 52gmn1
pmpn

M2
~A24!

« (0)
m « (0)

n 5
pmpn

M2
2dm0dn01

~pmpn!*

P2

~A25!

« (1)
m « (1)

n 1« (2)
m « (2)

n 52gmn1dm0dn02
~pmpn!*

P2
.

~A26!

In (pmpn)* , only m,n51,2,3 have non-zero values. In th
later calculations, we always assume that transverse hel
states (l561) have the same probabilities.

For terms likeeabgdpapb . . . , exchanginga andb will
introduce a negative sign. Thus the value is zero.

eabgdpapb3anything50. ~A27!

The Lorentz structure will be calculated with summati
of all helicity states and different polarizations.

Atot5A001A011A101A11

5eabgdeklmn~«a«kpbpl!r8~«g«mqdpn!v ,

~A28!

whereA01 for longitudinal polarizedr8 and transverse polar
ized v. Others are similar.

There is one term which often shows up; expanding
find
1-21
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e0i jke0imnpj pmqkqn5p2
2q3

21p3
2q2

222p2p3q2q3 ~ i 51!

1p1
2q3

21p3
2q1

222p1p3q1q3 ~ i 52!

1p1
2q2

21p2
2q1

222p1p2q1q2 ~ i 53!

1~p1
2q1

21p2
2q2

21p3
2q3

2!

2~p1
2q1

21p2
2q2

21p3
2q3

2!

5~p1
21p2

21p3
2!~q1

21q2
21q3

2!

2~p1q11p2q21p3q3!2

5p2q22~pW •qW !25p2q2~12cos2u!.

~A29!

Now the summation over all helicity states:

Atot5eabgdeklmnS 2gak1
papk

M2 D pbpl

3S 2ggm1
qgqm

m2 D qdqn

5eabgdeklmngakggmpbplqdqn

522e0bmde0lmnpbplqdqn ~a50 or k50!

1ea0mdea0mnp0p0qdqn ~b5l50!

1eabn0ealm0pbplq0q0 ~d5n50!

12ea0mdealm0p0plqdq0 ~b5n50 or l5d50!

522p2q2~12cos2u!12Er8
2 q212Ev

2 p2

24Er8Evpq cosu. ~A30!

Lorentz structures for longitudinal polarizedr8 andv:

A005eabgdeklmnS papk

M2
2da0dk01

~papk!*

p2 D pbpl

3S qgqm

m2
2dg0dm01

~qgqm!*

q2 D qdqn

5eabgdeklmn~papk!* pbpl~qgqm!* qdqn
1

p2q2

50. ~A31!

In the first step, only one of nine terms survive; seven ter
are eliminated due to Eq.~A27!. The one which has fourd ’s
results in two zero subscripts in eache. In the second step
Eq. ~A27! limits that b,l,d, andn are all zero, which also
gives zero.

The Lorentz structures for longitudinal polarizedr8 and
transverse polarizedv are
09200
s

A015eabgdeklmnS papk

M2
2da0dk01

~papk!*

p2 D pbpl

3S 2ggm1dg0dm02
~qgqm!*

q2 D qdqn

5eabgdeklmnda0dk0ggmpbplqdqn

2eabgdeklmnggm
~papk!*

p2
pbplqdqn

52e0bmde0lmnpbplqdqn

1ea0mdek0mn

~papk!*

p2
p0p0qdqn

5S p0p0

p2
21D p2q2~12cos2u!

5M r8
2 q2~12cos2u!. ~A32!

Similarly, Lorentz structures for transverse polarizedr8
and longitudinal polarizedv are

A105mv
2 p2~12cos2u!, ~A33!

while Lorentz structures for transverse polarizedr8 and v
are given by

A115Atot2A002A012A10

52Er8
2 q212Ev

2 p224Er8Evpq cosu

2~2p2q21M r8
2 q21mv

2 p2!~12cos2u!

5~Er8
2

1Ev
2 p2!~11cos2u!24Er8Evpq cosu.

~A34!

In the rest frame ofr8, the Lorentz structures are ex
pressed as

Atot52M r8
2 qv

2

A0050

A015M r8
2 qv

2 ~12cos2u! ~A35!

A1050

A115M r8
2 qv

2 ~11cos2u!.

~Note that there is no contribution from longitudinal pola
ized v.!
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