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We report on the observation &—D* 7" 7~ =~ «° decays. The branching ratios for* * andD*° are
(1.72£0.14+0.24)% and (1.8 0.24+0.27)%, respectively. Each final state haB’aw#~ component, with
branching ratios (0.290.03+0.04)% and (0.45%0.10+0.07)% for theD** and D*° modes, respectively.
We also observ®8—Dwm~ decays. The branching ratios f@* and D° are (0.28-0.05+0.04)% and
(0.41£0.07+0.06) %, respectively. A spin parity analysis of ther™ system in theD w7~ final state shows
a preference for a wide 1 resonance. A fit to thevm~ mass spectrum finds a central mass of (1349
+25"1% MeV and width of (5478639 MeV. We identify this object as the(1450) or thep'.

DOI: 10.1103/PhysRevD.64.092001 PACS nuniderl3.25.Hw, 13.65ti, 14.40.Cs

I. INTRODUCTION tiplicity in a hadronicB® decay is 5.8 0.1[2]. Since this

Currently mostB meson decays are unknown. The decaymultiplicity contains contributions from the decay bf" or
width is comprised of hadronic decays, leptonic decays angh*+ normally present inB° decay, we expect a sizable,
semileptonic decays Leptonic decays are predicted to bgpproximately several percent, decay rate into final states
very small,~10* in branching fraction. The semileptonic ith four pions[3]. The observed® *)(n)~ final states for
branching ratio foB—Xe~ v, Xu~ v, andXr v totals ap- n<3 are consistent with being quasi-two-body final states.
proximately 25%[1]. The remainder must come from had- For n of two the p~ dominates, while fon of three thea;
ronic decays, where the measured exclusive branching ratigfominateq4]. These decays appear to occur from a simple
total only a small fraction of the hadronic width. spectator mechanism where the virtMél materializes as a

To be_more explicit, the measured hadronic decay modesingle hadronz—, p~, oraj . The decay rates can be un-
for the B® including D™ (n7~), D**(n7"), where 3=n  derstood in a simple “factorization” model where the decay
=1, D™D ™) andJ/y exclusive totals only about 10% rate is given by the product between two currents, one be-

[1]. TheB™ modes total about 12%. tween theB and theD and the other given by the virtusy~
Yet, understanding hadronic decays of Bés crucial to  transforming into the light hadron of interd&].

ensuring that decay modes used for measureme@fofio- In this paper we investigate final states foof 4. We will

lation truly exhibit the underlying quark decay mechanismsshow a large signal for thB* * 7" 7~ 7~ #° final state in

expected theoretically. Sec. lll. In Sec. IV we will show that a substantial fraction,

It is also interesting to note that the average charged mul=20%, arise fronD* * w7~ decays and that thew~ mass
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TABLE I. Mass resolutions ) in MeV (p in units of MeV).

Dt—K #wtx* DK™ 7" DK mt a0 DK mrwta™
6.0 px0.93x10 %+6.0 px0.68x10 3+11.6 px0.92x10 3+4.7

distribution has a resonant structure around 1.4 GeV with a We selectD* * candidates by imposing the addition re-
width of about 0.5 GeV. In Sec. V, similar conclusions arequirement that the mass difference betweehD® and D°
drawn about theD*°z* 7~ 7~ #° final state. The same combinations is within+2.5¢ of the known mass difference.
structure is shown to exist iDw#~ final states(Sec. VI For theD*°, we use the same requirement for th€D°
and we will use these events to show in Sec. VII F that thedecay. The mass difference resolutions are 0.63 and 0.90
spin parity is most likely I. This state is identified as the MeV, for the " D° and #°D° modes, respectivelfg].
p’, sometimes called the(1450). We perform a generalized
Breit-Wigner fit to get the best values of the mass and width,
discussed in Sec. IX and the Appendix.

Other resonant substructure is searched for, but not found A. B candidate selection
(Sec. X. Finally we summarize our findings and compare , o - L
with the predictions of factorization and other models in Sec. Ve start by investigating thB* * (4) " final state’” The

lIl. OBSERVATION OF B°—D**#ta 7 =® DECAYS

X| D** candidates are pooled with all combinations of
: +, - -0
The data sample consists of 9.0 fbof integrated lumi- 7 7 7 7 MesONs. ,

nosity taken with the CLEO Il and I1.V detectof8] using Next, we calculate the difference between the beam en-

the Cornell Electron Storage RifGESR on the peak of the  €r9Y: Epeam, @nd the measured energy of the five particles,
Y (4S) resonance and 4.4 T8 in the continuum at 60 MeV AE. The “beam constrained” invariant mass of tBecandi-
less center-of-mass energy. The sample contains<lB@B  dates,Mg, is computed from the formula

mesons. 5
22 >
MB:Ebeam_<2_ pi) . 1)
II. COMMON SELECTION CRITERIA !

Hadronic events are selected by requiring a minimum of 14 fyrther reduce backgrounds we define
five charged tracks, total visible energy greater than 15% of
the center-of-mass energy, and a charged track vertex consis- (

tent with the nominal interaction point. To reject continuum ng

AMpx )2 ( AMp )2 ( AM o )2
we require that the Fox-Wolfram momeR} be less than 0.3 o(AMp+) o(AMp) n(=0) | 0(AM 7o) ;2)
[7].

Track candidates are required to pass through a common
spatial point defined by the origin of all tracks. Tracks with whereAMp« is the computed* —D° mass difference mi-
momentum below 900 Me\/ are required to have an ion- nus the nominal valueAMy, is the invariant candidat®®
ization loss in the drift chamber withina@of that expected mass minus the knowd® mass, and\M o is the measured
for their assigned mass(These requirements are not im- yy invariant mass minus the knowr mass. All7%s in the
posed on slow charged pions frdd¥ * decay) Photon can- final state are included in the sum. Thés are the measure-
didates are required to be in the “good barrel region,” within ment errors. We select candidate events in each mode requir-
45° of the plane perpendicular to the beam line that passdag thatxﬁ< C,, whereC, varies for each decap® decay
through the interaction point, and have an energy distributiommode. For theKnz decay modes we usg,=12, 8, and 6,
in the Csl calorimeter consistent with that of an electromagrespectively.
netic shower. To selectr”’s, we require that the diphoton
invariant mass be between -3.0 #62.5¢0 of the #° mass,
whereo varies with momentum and has an average value of
approximately 5.5 MeV. The two-photon candidates are then We start with theD®—K~ 7" decay mode. We show the
kinematically fit by constraining their invariant mass be candidateB mass distributionM g, for AE in the sidebands
equal to the nominakr® mass. from -5.0 to -3.0r and 3.0 to 5.0 on Fig. 1a). The AE

We selectD? andD* candidates via the decay modes resolution is 18 MeV &). The sidebands give a good repre-
shown in Table I. We require that the invariant mass of2he sentation of the background in the signal region. We fit this
candidates lie within=2.50 of the knownD masses. The distribution with a shape given as
o’s are also listed in Table |. THB° widths vary with theD®
momentump (units of MeV), while theD ™ widths are not backr)=pyrJ1—r2e P2l-r?), ©)
momentum dependent.

B. Branching fraction and (47r) ™ mass spectrum

2In this paper (4r)~ will always denote the specific combination
'Here and throughout this paperindicates an rms error. at
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™ TABLE Il. Event numbers for th®* "7 7~ 7~ = final state.

200 ] D° decay mode Fitted No. of events
K 7" 358+ 29
| K-t a® 543+ 49
100 - K mtata™ 329+41

] lowed to vary. The Gaussian signal width is found from

1 Monte Carlo simulation. The largest and dominant compo-
nent results from the energy spread of the beam. We find
358+ 29 events in the signal peak.

We repeat this procedure for the other tild decay
] modes. TheM g spectrum for thelE sidebands and the sig-
= nal region is shown in Fig. 2. Th&E resolution is 22 MeV
] in the K~ 7% 7% mode and 18 MeV in th&k 7 7 7~
mode. Signal to background ratios are worse in these two
oL . . P IR ] modes, but the significance in both modes is quite large. The
5.20 5.22 5'%‘ (Gevf)"ze 528 530  ympers of signal events are shown in Table II.

B We choose to determine the branching fraction using only
the D°—K ™~ 7" decay mode because of the relatively large
D* o+ 2~ 79, with D°—K -7+ (a) for AE sidebands an¢b) ba_lckgrounds in the (_)ther modes qnd th_e decr_eased system-
for AE consistent with zero. The curve {ia) is a fit to the back- atic error .due to having f.ewer p.amCIes in the final state. In
ground distribution described in the text, while (h) the shape order to find _the branching _ratlc_) we use the Monte Carlo
from (a) is used with the normalization allowed to float and a signalgenerated efﬂqepcy, shown in Fig. 3 as a fgnctmn ofrf4
Gaussian of width 2.7 MeV is added. mass. The efficiency falls off at larger {4~ masses be-

cause the detection of the slow® from the D** decay
wherer =Mg/5.2895 GeV, and the; are parameters given becomes increasingly more difficult. Since the efficiency var-
by the fit. ies with mass we need to determine ther{4 mass spec-

We next view theMg distribution for events havingE  trum. To rid ourselves of the problem of the background
within 20 around zero in Fig. (b). This distribution is fit  shape, we fit th& candidate mass spectrum in 50 MeV bins
with a Gaussian signal function of width 2.7 MeV and theof (47)~ mass.(The mass resolution is approximately 12
background function found above whose normalization is alMeV.) The resulting (4r)~ mass spectrum is shown in Fig.

Events / 2 MeV
(=]

100

FIG. 1. The B candidate mass spectra for the final state
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FIG. 2. TheB candidate mass spectra for the final s@te" =+ 7~ 7 #°, the left-side plots are fob°—K ™~ 7" 7 (a) AE sidebands,
(b) for AE consistent with zero; the right-side plots are Bift—K ~ " 7" 7~ (c) AE sidebands(d) for AE consistent with zero. The curves
in the top plots(a) and(c), are fits to the background distribution described in the text, while in the bottom (dpemd(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.
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FIG. 3. The efficiency for the final sta@* * 7+ 7~ 7~ %, with

DK~ xt,
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three ways. First of all, we change the background shape by
varying the fitted parameters byl This results in a change

of £3%. Second, we allow the shag®,, to vary (the nor-
malization,p,, was already allowed to varyThis results in
3.8% increase in the number of events. Finally, we choose a
different background function

bacK (r)=pyr V1—r2(1+pyr +psr®+p,r3), (5

and repeat the fitting procedure. This results in a 3.7% de-
crease in the number of events. Taking a conservative esti-
mate of the systematic error due to the background shape we
arrive at* 3.8%. We use the current particle data group val-
ues for the relevanb* * and D° branching ratios of (68.3
+1.4)% @O*"—7"D% and (3.850.09)% @O°
—K~7™"), respectivel\f1]. The relative errors, 2.0% for the
D** branching ratio and 2.3% for thB° are added in
quadrature to the background shape error, #edetection
efficiency uncertainty and the tracking error. The total track-
ing error is found by adding the error in the charged particle
track finding efficiency linearly for the 5 “fast” charged
tracks and then in quadrature with the slow pion from the

4. There are indications of a low-mass structure around 1.5* * decay. The total systematic error is 14%.

GeV, that will be investigated further in this paper.
We find

B(B°—D**nt 7 7 7% =(1.72+0.14+0.24%. (4)

We wish to search for narrow structures. However, we

cannot fit theB mass spectrum in small (4~ mass inter-
vals due to a lack of statistics. Thus we plot ther)4 mass
for events in theVlg peak for theD®— K~ 7" mode and the
sum of all three modes in Fig. 5. We also plot two back-

The systematic error arises mainly from our lack ofground samples: events at lowsty (5.203-5.257 GeVf
knowledge about the tracking and efficiencies. We assign and those in the\E sideband separately. First we view the
errors of £2.2% on the efficiency of each charged track, plots in the canonical 50 MeV bins. Both background distri-

+5% for the slow pion from th®* *, and =5.4% for the

butions give a consistent if somewhat different estimates of

7°. The error due to the background shape is evaluated ithe background shapéEach background distribution has

_IIII|IIII|IIII|IIII|IIII|IIIIL

30— -]

N
(=)
I
l

Events / 50 MeV
1
1

sy
(=]
[
|

=

05 1.0 1.5 2.0 25 30 3.5
M (GeV)

RAXXT

FIG. 4. The invariant mass spectra®f 7~ 7 «° for the final
stateD* "7t -~ 70, with D°—K ™=, found by fitting theB
yield in bins of 47 mass.

been normalized to the absolute number of background
events as determined by the fit to tMeg distribution) In
any case no prominent narrow structures appear in the histo-
grams for the 10 MeV binning.

The most accurate distribution ofrd mass is obtained
by using the data in all threB° decay modes. The @~
mass distribution shown in Fig. 6 was found by fitting the
Mg candidate mass distributions summed together. The dis-
tribution has been corrected for efficiency as a function of
mass. There is an additional 14% systematic scale uncer-
tainty on all the points.

IV. B°=D**wa~ DECAY

To investigate the composition of the 43~ final state,
we now investigate ther™ 7~ 7° mass spectrum for the
events in theB peak. All threeD® decay modes are used. We
show thew* 7~ #° invariant mass distribution for events in
the B mass peak in Fig. Tthere are two combinations per
even). A clear signal is visible at the. The histograms on
the figure are for events either in the lowdiz range, from
5.203 GeV to 5.257 GeV, or in the previously defind&
sidebands; n@ signal is visible.

The purity of thew sample can be further improved by
restricting candidates to certain regions of the Dalitz plot of
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FIG. 5. The invariant mass spectraof 7~ 7~ #° for the final stateD* * 7+ 7~ 7~ 7%, with D° =K~ «" (upper lefy, and the sum of
all three D° decay modesupper righj. Events are selected by being withimr 2f the B mass. The solid histogram is the background
estimate from theMg lower sideband and the dashed histogram is fromAResidebands; both are normalized to the fitted humber of
background events. The same distributig¢signal only in smaller bins(lower plots.

the decay products. We define a cut on the Dalitz plot as

. . . Y%oundary: %(Xboundary+ 1)(Xboundary+ 1+a)
follows. Let Ty, T, , andT_ be the kinetic energies of the

pions, andQ be the difference between the mass,M,, X[1+b/(Xpoundaryt1—C)] (8)
(equal to 782 MeV, and the mass of the 3 pions. We define )
two orthogonal coordinateX andY, where where  a=6m,/Q, b=6m7(M,Q), c=3(M,

—mp)?/(2M ,Q), mis the mass of a charged pion, ang

X=3T,/Q—1 (6)  the mass of the neutral pion.
For any set of three pion kinetic energies, we define a
v \/§(T “T.)/Q 7) variabler, properly scaled to the kinematic limit as
= L —T.)IQ.

X2+Y?

The kinematic limit that defines the Dalitz plot boundary is

defined as

092001-6
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FIG. 6. The efficiency-corrected background-removed invariant +
mass spectra ofr* 7~ 7~ «° for the final stateD* * 77~ 7 70, [ ++ ++++++ ++ 4 +++ ++++ ++++
for the sum of all threeD® decay modes(There is an additional $ & ++ + +
scale uncertainty of 149%. » gl N I
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M. . (GeV)

where the boundary values are found by following the radial

vector from(0,0) through (X,Y).

Events / 50 MeV

For events in theB mass peak we show in Fig. 8 the gaap*+ .,
"~ 0 invariant mass for three different cuts oriThe »
signal is purified by restricting, since the Dalitz plot density

400

200

FIG. 7. The invariant mass spectra of 7 #° for the final

FIG. 8. The |nvar|ant mass spectra of 7~ 7 for the final
a7~ a0 for all threeD° decay modes for three se-
lections orr less thar(a) 1, (b) 0.7, and(c) 0.5. The solid histogram
is the background estimate from tivg lower sideband and the
dashed histogram is from theE sidebands; both are normalized to

Signal

AE Sideband

05 1.0 5 20 25 3.0
(GeV)

JL']K.TE

MB Sideband |

the fitted number of background events.
for a 1~ system decaying inter" 7~ 7° peaks at equals
zero[9].

For further analysis we seleed candidates within the
a "~ 7% mass window of 78220 MeV with r<0.7. We
abandon the(ﬁ cut here, as background is less of a problem.

In Fig. 9 we show théB candidate mass distribution for the
D*"wm~ final state summing over all threB° decay
modes.(The signal is fit with the same prescription as be-
fore) There are 136 15 events in the peak.

In Fig. 10 we show thesv7w~ mass spectrum in the left-
side plot. The solid histogram shows events from the lower
Mg sideband region suitably normalized. The dotted histo-
gram shows the background estimate from thE side-
bands, again normalized. In the signal distribution there is a
wide structure around 1.4 GeV, that is inconsistent with
background. We re-determine ther™ mass distribution by
fitting the Mg distribution in bins ofw7~ mass, and this is
shown on the right side.

Knowing thew 7~ mass dependence of the efficiency we
evaluate the branching fraction:

stateD* "t~ w0 for all three D® decay modes. The solid

histogram is the background estimate from Mg lower sideband

B(B°—D* " wm )=(0.29-0.03+0.04%. (10)

and the dashed histogram is from th& sidebands; both are nor-

malized to the fitted number of background evefithere are two

mass combinations per event.

We provisionally label the state at 1432 MeV thé and
investigate its properties later. Thew~ comprises about

092001-7
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Events / 2 MeV

ol . . v .
5.20 5.22 5.24 5.26 5.28 5.30
MB (GeV)

FIG. 9. TheMg spectra forD* *w#~ for all threeD° decay
modes.(a) AE sidebands an¢b) AE around zero.

17% of the (4r)~ final state. All of thews™ final state is
consistent with coming fromA\™ decay.

V. OBSERVATION OF B~"—=D*’w 7~ o~ =

We proceed in the same manner as for Bfereaction
with the exception that we use tie °— 7°D° decay mode
and restrict ourselves to tHe°—K ™~ 7" decay mode only
due to large backgrounds in the other modes. Yhés cal-

PHYSICAL REVIEW D 64 092001

tion is 18 MeV. We see a signal of 1826 events yielding a
branching fraction of

B(B-—D*%7* 7~ 7~ 7% =(1.80+0.24+0.27)%.
(11)
The 7" 7w~ 7% mass spectrum shown in Fig. 12 shows the
presence of am. Selecting events in the mass window
with r <0.7 we show the sideband and signal plots in Fig. 13.
(Here we do not use the previously defingd cut) The
branching ratio, based on 26 events is

B(B~—D*%°wx )=(0.45+0.10+0.09%. (12

In Fig. 14 we show thev~ mass spectrum. We see an

enhancement at around 1.4 GeV as in the neBtiedse (We
do not have enough statistics here to fit Mg distribution
in bins of o™ Mmass) Theww~ fraction of the (47) ™~ final
state is 25%, and all the s~ is consistent with coming from
the A™.

VI. ANALYSIS OF D**ewn~ DECAY ANGULAR
DISTRIBUTIONS

TheA™ is produced along with a spinf2* from a spin-0

B. If the A™ is spin-0 theD* would be fully polarized in the
(J, J,)=(1,0) state. If theA™ were to be spin-1 any com-
binations of z components would be allowed. It is natural
then to examine the helicity angle of tBe ™ by viewing the
cosine of the helicity angle of the™ with respect to th@® in
theD* " rest frame.

Another decay angle that can be examined is that of the
w7 system. If theA™ is spin-0, thew is polarized in the
(1,0 state and may be if thA™ is spin-1. Here the helicity
angle is defined as the angle between the normal tawthe

culated according to E@2) and we use a cut value of 8. The decay plane and the direction of the in the w rest frame.
Mg distributions forAE sidebands and signal data are shownFor a spin-OA™ the distribution will be cosine squared.

in Fig. 11 for theD°—K~ 7" decay mode. ThAE resolu-

Again full polarization is possible if thé\™ is other than

40—1\\|\|\||\\|\|||\|\||\\\\'—
® Signal 1
— Mg Sideband |
- AE Sideband

30

20

Events / 100 MeV

30— -

Events / 100 MeV
n

Q

I

1

-
Q

—§ T T T T T T T T
A —

[ | ——
— —

] toteeee
.‘}‘I t f\ -

o

10 15 20 25 30 35
M, (GeV)

-

2
M, (GeV)

FIG. 10. The invariant mass spectra@f~ for the final statdd* " 7" 7~ 7~ #° for all threeD° decay modegleft) Signal events satisfy
cuts onB mass,AE, andw mass(see text The solid histogram is the background estimate fromNhglower sideband and the dashed
histogram is from the\E sidebands; both are normalized to the fitted number of background egrgt$. The mass spectrum determined
from fitting the My distribution and fit to a non-relativistic Breit-Wigner function that gives a mass of 2832MeV and a width of

37647 MeV.
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FIG. 11. TheB candidate mass spectra for the final state . . i
D*O7* 7~ 2~ #°, with D°—K ~ 7. Signal events satisfy cuts @& FIG. 12. The invariant mass spectra ®f 7~ for the final

mass andAE (see text (a) for AE sidebands andb) for AE stateD* 7" 7~ 70 for the D°—K ™« decay mode. The solid
consistent with zero. The curve i@ is a fit to the background histogram is the background estimate from Mg lower sideband
distribution described in the text, while i) the shape frona) s~ @nd the dashed histogram is from thé& sidebands; both are nor-
used with the normalization allowed to float and a signal Gaussiaf@lized to the fitted number of background events. There are two
of width 2.7 MeV is added. combinations per event.

spin-0, but any distribution other than cosine squared would VIl OBSERVATION OF B—Dawa™ DECAYS

demonstrate that the spin is not equal to zero. A. B candidate selection

For this analysis we use all thré® final states for the — . )

D* ™ final state. To find the distributions we fit the number of OHer(i we studk/ theiregctf)rBHwa , W(;th eltber a
events in theM 5 candidate plot selected on different angle D K 7 orD”—K=a"a" decay. OtheD" or D™ de-
bins. Thews mass is required to be between 1.1 and 1.6°8Ys have substantially larger backgrounds.

GeV. This restriction leaves 11113 events.

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

T T T T T T T T T T T T T

 (a)

[3,]
|——
e
$—
o
——
_._

TR RS R NS R S |

>
1_‘L % = T T 1T T
L T | I
r 0.63£0.09. (13 Yool .* ; |T*.+|T. . .+| ++. TN
15 e
c
@
&
The systematic error is much smaller than the statistical er- 10

ror.

The costp« distribution is not consistent with full polar-
ization, yielding ax? of 17.7 for 5 degrees of freedom. The 5l
helicity angle distribution for theA™ —wm, cosé,, is
shown in Fig. 16. Furthermore the c@gdistribution is quite

PRI NS T S NS SR |

inconsistent with a cdg,,, yielding a y* of 109 for 5 de- 0 (R A o PRI SR :
grees of freedom. Therefore, we rule out a spin-0 assignmen 320 5.22 a2 (G ev5)'26 528 5.30
for the A™. B

To determine the)” we need a more well defined final £ 13 TheMg spectra forD*%wm for the DO—K =+
state. This is provided by analysis B~Dw#~ decays. decay mode(a) AE sidebands an¢b) AE around zero.
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FIG. 14. The invariant mass spectrawfr~ for the final stateD* %7t 7~ 7~ #° for the D°—K 7" decay mode(left) Signal events
satisfy cuts orB mass,AE and o mass(see text The solid histogram is the background estimate fromNhglower sideband and the
dashed histogram is from th&E sidebands; both are normalized to the fitted number of background evyeglg) The data fit to a
non-relativistic Breit-Wigner signal and a smooth background function. The mass and width are 7B6feV and 43%135 MeV,
respectively.

Although we are restricting our search éds, we define  where AMy, is the invariant candidat®® mass minus the
two 7 7~ w° samples. One within 20 MeV of the known  known D° mass,AM,, is the invariant candidates mass
mass(782 MeV) and the other in either low mass or high minus the knownw mass, andAM .o is the measuredy
mass sideband defined as threemass either between 732 invariant mass minus the known® mass. Theo’s are the
and 752 MeV or between 812 and 832 MeV. We also requiraneasurement errors. We select candidate events requiring

a cut on thew Dalitz plot of r <0.7. thatx2 is <12 for theK 77 mode and< 6 for theK 777 mode.
To reduce backgrounds we define
- AMp 2 AM, 2 AM o 2 B. B"—D%w ™ signal
X7\ G (AMp) a(AM,,) a(AM o)/ We start with theD®— K~ 7% decay mode, for events in

(14 thew peak. We show the candidaBemass distributionM g ,

Z 1000 : i
1000 H

7m0 i

750
2 7 2
g ] g
W ga0 | w 500
250 ] 250
0_||||||||1'|1||IIIIII 0_||||||||1~||||||||||_
-1.0 -0.5 0 0.5 1.0 -1.0 -0.5 0 0.5 1.0
cos BD* cos 6
w
FIG. 15. The cosine of the angle between B and theD* FIG. 16. The cosine of the angle between the normal to the

flight direction in theD* rest frame for théd* A~ final state(solid w7~ 7° decay plane and the boost direction for th®* A~ final
pointg along with a fit(solid curve allowing the amount of longi-  state (solid point3 along with a fit (solid curve allowing the
tudinal and traverse polarization to vary. The dotted curve is theamount of longitudinal and traverse polarization to vary. The dotted
expectation for a spin-&~. curve is the expectation for a spinA0 .
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FIG. 17. TheB candidate mass spectra for the final state FIG. 18. TheB candidate mass spectra for the final state
D™, with DK~ #*. (a) for AE sidebands, anth) for AE D% 7, with D°—-K 7" andw sidebands foA E sidebandshis-
consistent with zero. The vertical scale(@ was multiplied by 0.5 togram and AE consistent with zerdpointy. The AE sideband
to facilitate comparison. The curve {a) is a fit to the background numbers have been divided by 2.
distribution described in the text, while {ib) the shape fronta) is

used with the normalization allowed to float and a signal Gaussian \We repeat this procedure for events in tesidebands.

of width 2.7 MeV is added. We show theM g distribution for bothAE sidebands and E
within 20 around zero in Fig. 20.
for AE in the sidebands from -7.0 to -3r0and 7.0 to 3.6 There is no evidence of any signal in thesideband plot,

on Fig. 17a). This gives a good representation of the back-
ground in the signal region. Th&E resolution is 18 MeV

(o). We fit this distribution with the shape given in E®). 100
We next view theMy distribution for events havind E - ¢ +
within 2o around zero in Fig. 1(B). This distribution is fit »E

with a Gaussian signal function of width 2.7 MeV and the
background function found above whose normalization is al-
lowed to vary. We find 88t 14 events in the signal peak.

We repeat this procedure for events in thesidebands.
We use for ourxﬁ definition pseuda» masses in the center
of the sideband intervals. We show tMg; distribution for
events in theAE sideband, defined above, and those having3
AE within 20 around zero in Fig. 18. We find no significant 75
signal.

TT
o
~—

ents / 2 MeV

100

RANRARRERNI=; Saal

50
C.B°->D*wn~ signal
25
The same procedure followed for tB¥ final state is used
+ £ iR iotrio o . . ooy N
for theD ™ final state. We show the candidddemass distri 5.20 5.2 5.2 5.26 5.8 5.30

bution, Mg, for events in theAE sideband on Fig. 19).
The AE resolution is 18 MeV §). This gives a good repre-
sentation of the background in the signal region. We fit this 15 19 TheB candidate mass spectra for the final state
distribution with a shape given in EQ). D*wm, with D*—K 77" (a) for AE sidebands andb) for
We next view theMp distribution for events havindE  AE consistent with zero. The vertical scale(@ was multiplied by

within 2¢- around zero in Fig. 1®). This distribution is fit 0.5 to facilitate comparison. The curve &) is a fit to the back-
with a Gaussian signal function of width 2.7 MeV and the ground distribution described in the text, while h) the shape

background function found above whose normalization is alfrom (a) is used with the normalization allowed to float and a signal
lowed to vary. We find 9% 18 events in the signal peak. Gaussian of width 2.7 MeV is added.

Mg (GeV)
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E. wm™ system

For all subsequent discussions we add Bfeand D*
final states together. We select samplefin the 7+ 7~ 70

mass window of 78220 MeV using only combinations
havingr<0.7 in the Dalitz plot.

i In Fig. 21 we show thev7w~ mass spectrum in the left-
side plot. The solid histogram shows events from the lower
Mg sideband region (5.2035.257 GeV suitably normal-

] ized. The dotted histogram shows the background estimate
- from the AE sidebands, again normalized. In the signal dis-
1 tribution there is a wide structure around 1.4 GeV, that is
inconsistent with background. We re-determine the~

| mass distribution by fitting théM g distribution in bins of

- o mass, and this is shown on the right side.

1 This structure appears identical to the one we observed in

B—D*wm decays.

Events / 2 MeV

P PR
5.24 5.26
MB (GeV)

oL
5.20

F. Angular distributions in D™

We can determine the spin and parity of the particle
FIG. 20. TheB candidate mass spectra for the final stateby studying the angular distributions characterizing its decay
D wm, with D" —K™ 7" 7" andw sidebands foAE sidebands  products. The decay chain that we are considering is
(histogram andAE consistent with zer¢points. TheAE sideband . A D: A w7 andwo— 7" 7 #°. The helicity formalism
numbers have been divided by 2. [11] is generally used in the analysis of these sequential de-

leading to the conclusion that the signal is associated purel§ays. This formalism is well suited to relativistic problems
with . involving particles with spird and momentunp because the

helicity operatorh=J-p is invariant under both rotations

and boosts along.

We determine the branching ratios, shown in Table Ill, by There are two relevant reference frames. The first one,
performing a Monte Carlo simulation of the efficiencies in that we will definex,yaza is the rest frame of thé particle,
the two modes. We use the current Particle Data Group vakyith the z, axis pointing in theA direction of motion in the
ues for the relevanw, D" and D° branching ratios of

D. Branching fractions

. - % . A B rest frame. Thex, direction is arbitrary. The second one,
(88-?q-7)+@ (@—m" 7 ), (()9-04{0-62 %w 0 X,YwZ, IS related taxay sz, by the rotation through 3 Euler
—K"77 ") and (3.850.09)% O —K"7") [1]. The anglesga,0x,— da, as shown in Fig. 22. The anglé,
efficiencies listed in the table do not include these branchingjefines the orientation of the plane containing ¢hdirection

ratios[10]. . A L ~
The systematic error arises mainly from our lack of" AtheA rest frame and the, axis with respect to thet,

knowledge about the tracking ane efficiencies. We assign — Za Plane. The angl@, is the polar angle of the momen-
errors of+2.2% on the efficiency of each charged track, andtUm vector in theA rest frame. Note that th& decay plane
+5.4% for ther®. The error due to the background shape ishas an azimuthal anglg, both in thexayaza and in the
evaluated in three ways. First of all, we change the backX.Y.Z. references. The angles, and ¢,, define the orien-
ground shape by varying the fitted parameters by This tathn of t.hew decay plane in the rest frame. As the angle .
results in a change of 5.0%. Second, we allow the shape, @a is arbitrary, the only angle that has a physical meaning is
p,, to vary (the normalizationp,, was already allowed to X=$a— ¢, the opening angle between thedecay plane
vary). This results in 5.5% increase in the number of eventsand thew decay plane.

Finally, we choose a different background function given in  Both the B meson and théd meson are pseudoscalar,
Eg. (5) and repeat the fitting procedure. This results in atherefore their helicity is 0. Thué will be longitudinally
1.0% decrease in the number of events. Taking a conserv@olarized independently of its spin. In order to calculate the
tive estimate of the systematic error due to the backgroundecay amplitude for this— w7~ process, we need to sum
shape we arrive at5.5%. over thew helicity states:

TABLE Ill. Branching fractions for thdD w7~ final state.

D decay mode Fitted No. of events Efficiency Branching fractin
K mt 88+ 14 0.064 0.4%+0.07+0.06
K mtat 91+18 0.046 0.28 0.05+-0.04
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FIG. 21. The invariant mass spectra @fr~ for the final stateDw=~ for both D decay modes(left) The solid histogram is the
background estimate from thd g lower sideband and the dashed histogram is fromABResidebands; both are normalized to the fitted
number of background eventsight) The mass spectrum determined from fitting Wg distribution and fit to a Breit-Wigner function. We
find a peak value of 141543 MeV and a width of 419110 MeV.

A=5, D*JA(¢>A,9A,— d’A)D;\lo(d) 0.,—b.)By o) observing thah— w is a strong decay and thus conserves
o 0N, 0o T @ (15 parity. Thus, the helicity amplitudes are related as

; Bio=(= 1" ™ 9an,7,B_10, (16)
here DS)\Z(QSAvGA!_d’A) is the rotation matrix that relates

—(_1\1-S(A)
the xayaza and the x,y,z, frames andD}*y(&,, .0, Boo=(—1) 7AMw 7=Boo 17

—¢,) is the rotation matrix relating the,y,z, and the | ..o S(A) is the spin of particleA and 7,7, and 7.,

direction of the normal to the decay p|ané1(9w,¢w)- _ represent the intrinsic parity of the decaying particle and its
In general, there are three helicity amplitudes that contribgecay products, respectively.
ute to this decayB;, andB_;o, corresponding to a trans-  Equation (16) relates the two transverse helicity ampli-

versew polarization, andBq, corresponding to a longitudi- tudes, while Eq(17) forbids the presence of a longitudinal
nal w polarization. This expression can be simplified by component under certain conditions. For examplé) i a
1~ object, thew has transverse polarization aml ;o=

7 A —B19. When the sign in Eqs(16)—(17) is positive, two

A parameters determined by the hadronic matrix element affect

A the angular distribution and thus we cannot fully determine it

p Ilz only on the basis of our assumptions on #spin parity. We

® have carried out the calculation of the predicted angular dis-
tributions including spin assignment férup to 2. The pre-
dicted angular distributions are summarized in Table IV.

The statistical accuracy of our data sample is not suffi-
cient to do a simultaneous fit of the joint angular distribu-
tions shown above. Thus only the projections along ke
0, and y are fitted, integrating out the remaining degrees of
freedom. Table V gives the analytical form for these projec-
tions.

N We determine the projections of these angular distribu-
N tions by fitting theM g distribution as a function of the vari-
N Yo Ya ous angular quantities c@g, cosé,,, x. We restrict thav 7~
mass range to be between 1.1 and 1.7 GeV, containing 104

FIG. 22. Relationship between therest framex,yaz, and the  signal events. In order to fit the angular distribution with

o rest framex,y,z, . Xa andx,, lie in the same plane. theoretical expectations, we must correct the data for accep-

092001-13



J. P. ALEXANDERet al. PHYSICAL REVIEW D 64 092001

TABLE IV. Differential angular distributiongmodulo a proportionality constanpredicted for different
spin assignmentgNote 0" is forbidden by parity conservation.

JP do/d cosfad cosé,dy
0 |Boo2cog6,,
1 |B 10| %sirP,sirt6, sirfy
1t |B1q|2sirPg,sint6,, co x+|Byg 2c0£0,c0£6,,— 1/2 ReB 0By Sin 26,sin 26,cosy
2 3| B 2sirf20,5ir?6, cox+|Bog 2(3 cogds—1)°cog,,
—\/3 ReB10B¢o) sin26,(3 co6,—1)sin2d,cosy
2+ 3/4|B | %sirP20,sir?6,sirfx

tances. We determine the acceptance correction by compahe lighter one decays intew. The situation is quite com-
ing the Monte Carlo generated angular distributions with theplex, however. They conclude that these states must be

reconstructed distributions. The angular dependent efficiennixed with noneq states in order to explain their decay
cies are shown in Fig. 23. widths. There is also an observation of a wide, 300 MeV,
The corrected angular distributions are shown in Fig. 24,9 state in photoproduction at 1250 MeM4], that is
The data are fit to the expectations for the varidlimssign- dominantly theb,(1235)[15] with possibly some I in ad-
ments. For the 0, 1°, and 2" assignments, the curves have gjtion. Our state is consistent with the lower magsWe do

a fixed shape. For the'land 2 assignments we let the ratio not seem to be seeing significant production of the higher

between the longitudinal and transverse amplitudes vary tgass state inte~, as expected.

best fit the data. We notice that the polarizatio+n is very Several models predict the mass and decay widths of ex-
clearly transverse (sf,) and that infers a 1 or 2* assign-  cited p and @ mesons. For example, according to Godfrey
ment. and Isgur[16] the first radial excitation of the is at 1450

We list in Table VI they?/degree of freedomiDOF) for eV, There is a large variation among the models, however,
the differentJ” assignments. The "1 assignment is pre- on prediction of the relative decays widths ranging from no
ferred, having ay?/DOF of 1.7. The other assignments are ;4 to being equal taw [17].
clearly ruled out. If the I assignment is correct, the prob-  since we have observed a wide ktate in the mass re-
ability that our fit yields ay*/DOF equal to 1.7 or greater is gion where thep' is expected, the most natural explanation

3.8%[12]. is that we are observing the for the first time inB decays.
We note thatr~ lepton decays intaw#~ have been ob-
VIII. DISCUSSION OF THE NATURE OF A~ served, and the 71 spin-parity definitely established. How-

ever, the relatively low mass of the  distorts the mass

We have found a 1 object decaying intasa . A non- ectrum significantly, and makes it difficult to extract tHe
relativistic Breit-Wigner fit assuming a single resonance andP 9 Y,
mass and widtt18,19.

no background gives a mass around 1420 MeV with an in-
trinsic width about 400 MeV. Signals fap7~ resonances
have been detected before below 1500 MeV. There is a well
established axial-vector state, thg b235), with mass 1230
MeV and width 142 MeV. Data on vector states, excités] Here we find the best values for thé mass and width.
are inconsistent. Clegg and Donnachie3] have reviewed This procedure is discussed in more detail in the Appendix.
7 —(4m) v, e'e —7w"7, ande'e —=w"a 7 7w~  The shape of thevw™ mass spectrum is affected by the
data, including thevw final state. Their best explanation is phase space allowed by tBedecay, theB decay amplitude,
that of two 1 states at 146825 MeV and 173630 MeV  the decay amplitude for the’, and finally the shape of the
with widths 31162 and 406 100 MeV, respectively. Only  Breit-Wigner decay distribution. F8—D™*)wx~ decay:

IX. MASS AND WIDTH VALUES FOR THE p’

TABLE V. Projection of the angular distributions along the égs cosé,,, andy axes.

JP do/d cosb, do/d cosé,, do/dy

0 (41/3)|Bogl ? 477|Bog >co4,, 4/3Bog|?

1- (47/3)|B1g>sinP, (47/3)|B1g|%sir?,, HEESh2%

1" (4713)(|B1g) %sirPh, (47/3)(|B1g|%sir?6,, 3(4|B1g%coy

+|Bod °c0S ) +Bod *cosd,) +[Bod?)

2 (47/3)(3|B1g %sinP26, (167/5)(|B1gsir?e,, 4|Bg%cogy
+Bod *(3 cogy— 1)) +Bod *cosd,,) +[Bodl

2+ 7| B1g 2Sinf20, (47/5)|B1q|%sir?, 12|B,| %sirPy
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FIG. 23. Reconstruction efficiency dependence@rcosé,, (b) cosé,,, and(c) x.
dI'(B—=D®)wr) statistical and systematic; they are derived in the Appendix.
The values foiR andn are 2.05 {4 fm/#c and 0.57 343,
_ (%) 1 / respectively.
oni; [A(B=D*)p))BW(p)A
X(p'—>w77)|2d73(B—>D(*)p’) X. SEARCH FOR OTHER RlESON_ANT SUBSTRUCTURE
IN D*(4)
2
XdP(p'— w) 27;”, (18) We have accounted for20% of the (47)~ final state.
We would like to disentangle other resonant substructure.
whereD™) indicates either D* or aD meson. Since the background is large in modes other tiizth

The phase space for two-body decays is well known. TheK~ 7", we will only use this mode. One process that
decay amplitude for th® decay can be obtained from fac- COmMes to mind is that where the virtlal~ materializes as
torization where thep’ is assumed to be identical to the ana; , that subsequently decays intd =~ =~ and we pro-
lepton current5]. Finally the Lorentz structure of the’  duce aD** * that decays int®* * #°. This process should
decay can be accounted for and we are left only to considd?e the similar to that previously seen in the react®n

a Breit-Wigner amplitude of the form —D** %7~ where theD** ° decayed into &* "7~ [20].
We search for the presence of @ by examining the
I'(M,.)M2_ w7 7 mass spectrum in Fig. 26.

Breit-Wigne(M ,,) = There is an excess of signal events above background in

2 1242 2 2 !
(Miom MP’) Mol (M) thea; mass region that cannot be definitely associated with

(19 the a;. Proceeding by selecting events with* 7~ o~
where the mass dependent width is given by masses between 0.6 and 1.6 GeV, we showfié 70 in-
variant mass spectrum in Fig. 27.
I'(M,)=T(M,) Although there is a suggestion of a low mass enhance-
. ment, it is not consistent wit** production that would
Po(M,-) M, "1+ (R pa,(Mpr))2 peak in region of 2.42 2.46 GeV. Perhaps we are seeing an
X Pu(M,) (Mm 1+(Rpw(Mw7T))2. indication of fragmentation at thie—c deciy S/Hertex here.

We also display for completeness the,"#"" mass dis-
(20 tribution in Fig. 28. There may or may not be a wide struc-

We allow the parameterR and n to float in the fit. They ;ﬁeshnbﬁfuﬁze Ir:?slss Qéég'; Ek? ;r:n\gf abandon our search

represent parametrizations of the hadronic matrix element
and Blatt-Weiskopf damping factor® is the p’ radius in

units of fm#Ac. Figure 25 shows the fit t™M . distribution, Xl. DISCUSSION AND CONCLUSIONS

where we have summed th2°, D', andD** data.(We We have made the first statistically significant observa-
have corrected the data in each channel for Nhg, effi-  tions of six hadronid decays shown in Table VII.

ciency dependence, which is small for ti¥’ and D* There is a low-mass resonant substructure in dhe”
modes) mass. The fit to a sophisticated Breit-Wigner function gives

The fit gives the mass and width to be (13486':%  the mass and width to be (13425'1% MeV and (547
MeV and (547:86°,) MeV, respectively. The errors are +86' 48 MeV, respectively.
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FIG. 24. The angular distribution df, (top left), 6,, (top righy, andy (bottom). The curves show the best fits to the data for different
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JP assignments(The 0~ and 1" are almost indistinguishable in cég, while the 1~ and 2" are indistinguishable in cas, and x.)

The structure at 1349 MeV has a spin-parity consistent
with 17. It is likely to be the elusivep’ resonancg13].

These are by far the most accurate and least model dependent
measurements of the’ parameters. The’ dominates the

also forD®*)p’ 7))

Heavy quark symmetry predicts equal partial widths for
D*p’ andDp’. We measure the relative rates to be

F(§O—>D*+p,7)

final state(Thus the branching ratios for ti*)w =~ apply il —1.04+0.21+0.06 21)
r ( BO—> D + p/ 7)
TABLE VI. Results of fits to angular distributions.
0~ 1" 1 2+ 2-
x?/degree of freedom 7.0 45 1.7 3.2 5.3
Degree of freedom 15 14 15 15 14
Probability 1.9<1071° 3.3x10°8 3.8% 2.7x10°° 3.3x10° 1

092001-16



FIRST OBSERVATION OFB—D®)p'~ p'~—wm

and D** channels have been summed and corrected using mass

I (B—D*p’) (Arbitrary Units)

80

60

20

0

poi ey ....I....I....I.*..I.. 1l

15 1.0 15 20 25 30 35 4.0
M, . (GeV)

FIG. 25. Fit to theM,, distribution. The data in th®°, D,

dependent efficiencies.

Events / 50 MeV

I8 —D*%'")

=1.10+0.31+0.06 (22)

(B~ —D%'")
I'(B—D*p'")
_—,7=1.06i0.17i0.04. (23
I'(B—Dp'"™)
_IIII|IIII|IIII|IIII|IIII_
® Signal
- —_ MBSideband T
B - AE Sideband

0 .
0.5 1.0 1.5 2.0 25 3.0

M___(GeV)

T

FIG. 26. The invariant mass spectra®f =~ 7~ for the final
stateD* "7t~ 7w 70 for D°—K ™7 ". The solid histogram isthe D* "#" 7« #° with D°-K =#*. The solid histogram is the
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masses between 0:6L.6 GeV for the final st

FIG. 27. The invariant mass spectra®f *#° for #* 7~ 7~

at®* "t 7O

with DK~ 7. The solid histogram is the background estimate

from the Mg lower sideband and the dashe

d histogram is from the

AE sidebands; both are normalized to the fitted number of back-

ground events.

B [ ]
a0

w
S
I

Events / 50 MeV
N
o
| 1

10 *

| LI | LI
Signal .
M Sideband |
AE Sideband

1.0 1.5 2.0 25 3.0

FIG. 28. The invariant mass spectra of 7 7 «° for

7w m w~ masses between 0-8.6 GeV

for the final state

background estimate from tHd g lower sideband and the dashed background estimate from thdz lower sideband and the dashed
histogram is from theAE sidebands; both are normalized to the histogram is from theAE sidebands; both are normalized to the
fitted number of background events.

fitted number of background events.
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TABLE VII. Measured branching ratios. We note that all th&—D®)p’ branching ratios that we
have measured are approximately equal to Bhe D*)p
Mode B (%) No. of events  pranching rateg4] if a model value of B(p'~ —wm )
BO—D** o m® 1.72+0.14+0.24 123670 =39% is used. _
B D**wm 0.29+0.03+0.04 136+ 15 Finally, although the B*~D**(4w)” and B-
— 0.28+ 0,05+ 0.04 9118 —D* (_477)* _branchmg ratios are nearly equal, ther™
—D om ' : ‘ branching ratios are about 1.5 times larger for the chaRjed

B™—D*’n w7 1.80+0.24+0.27 195-26 than the neutraB, maintaining the trend seen for the” and
B —D* wm" 0.45+0.10+0.07 26-6 p~ final states. Since thB~ lifetime is if anything longer
B™—D°wm” 0.41+0.07+0.06 88t14 than theBP, this trend must reverse for some final states. It

has not forD*)p’.
Thus the prediction of heavy quark symmetry is satisfied
within our errors. ACKNOWLEDGMENTS
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F(B=D""p"") T(B=D™"v) qzzmi, Texas Advanced Research Program. This work was sup-

ported by the National Science Foundation, the U.S. Depart-
Our measurement of tHe* * polarization(see Fig. 15is ~ ment of Energy, and the Natural Sciences and Engineering
(63+9)%. Themodel predictions in semileptonic decays for Research Council of Canada.
aq?® of 2 Ge\?, are between 66.9 and 72.G%l]. Thus this

prediction of factorization is satisfied. APPENDIX: DETERMINATION OF THE p’ MASS
We can use factorization to estimate the product ofgthe AND WIDTH
weak decay constarft,, and the branching ratio fop’~ _
— . The relevant expression is 1. Introduction
. Since thep’ decays tavw~ via a P wave, we need to take
[(B=D**p'", p' " —wm) into account the fact that the width,(M ), may not be
(dF/dqz)(gﬂD*l‘vﬂqz:mZ, constant, but can vary witM .. Furthermore we need to

consider the kinematic limits fronB—D*)p’ decay and
! d .
=6m2CH% B(p' " —wm )|Vyd? (25 P OT O

. . 2. Differential decay distribution
wherec, is a QCD correction factor. We usg=1.1+0.1

[22]. We can write a general expression for the differential dis-
We use the semileptonic decay rates given in Bagisal.  tribution for M, in dI'(B—D®)w) via thep’ as
[23]. The product AT (B— D™ o)

f2.B(p'~—wm )=0.011+0.003 GeV, (26)

|A(B—D™)p")BW(p")

2M
where the error is the quadrature of the experimental errors ®
on the experimental branching ratios and XA(p'—wm)|*dP(B—D™)p")
The model of Godfrey and Isgur predicts decay constants dM?2
widths and partial widths of mesons comprised of light XdP(p' — wm)—Z (A1)
quarks by using a relativistic treatment in the context of 2m

QCD [16]. They predict bothf,, and B(p'~—wm"); the

values are 80 MeV and 39%, respectively. The branchingvheredP indicates a phase space tef®\V indicates some
ratio prediction is believed to be more accurgd]. We use  form of a Breit-Wigner shape function, arilindicates an
this to extract amplitude.
The phase space 8—D®)p’ provides a cutoff at higher
f,, =167=23 MeV. (27 M., whereas the phase spacepdf— w provides a cutoff
at lower M, ... We assume that the two decay stages are
The model predicts a lower value fbg, than observed here, independent and can be factorized. Thus the function can be
if factorization is correct. calculated from the widths d andp’ decays.
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a. B decay width
The width forp’ production is given by

1
F(BHD<*’p’)=MIA(BHD“’p’)IZdP(BHD*p')
(A2)

ZpD*) (A3)

1
dP(B—>D(*)p’):_< Vi
B

8

A(B—D™)p")~ GV pX Lorentz structure f ,, (M, )

wheref . (M,,,) is thep’ weak production form factor.
Instead of having to calculatg,,(M,,,), we can use our

knowledge of semileptonib decays,B— D)1~ v coupled

with factorization to approximat&(B—D*p').
Factorization tells us

I'(B—D™)p")

dI'(B—D®)|v)
=6w2|vud|2f§,<mm>|al|2d—q2

q2=M2

xppeM2 X{H (M2 )2+ [H_(M2)[?

+|Ho(M2)1%}. (A4)
The helicity amplitude:H(MfW) can be related to the axial-
vector form factorsA;(q?) andA,(qg?), and vector form fac-
tor V(g?). Details can be found in Ref25].

2M p *
H.(g%)=(Mg+Mp:)A (D) F————V(q?)
Mg+ Mpx
H 2y = MZ—MZ*— 2
o(CI) ZMD*\/? ( B D CI)
X (Mg+Mps)A1(g?)
4M3p3.
- A(09)]. A5
Mg+ Mo 2(09) (A5)

In the heavy-quark symmetry limit, the form factors
A1,A,, andV are related to the Isgur-Wise function. With
correction due to finite heavy quark mass and they can
be written as

AGD)=| 1 q? Mg+ Mp« ha (W)
=1- w

. (Mg+Mpx)2|2yMgMpe

Mg+ M ps

A(g®)=R,———h, (W

Z(q) sz Al( )

V(g?) =Ry e Mor (A6)

= —_— W7

e Moo ™
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FIG. 29. Decay width oB—D*p’ as function ofM .. The
parametersR; and R, are from Neubert(solid line), Close and
Wambach(dashed ling and the CLEO measuremefulotted ling,
with pj as 0.91.

wherew is the invariant four-velocity transfer.
The values calculated by Neubert fief andR, have the
explicit dependence ow [26] of

R;(w)=1.35-0.22w—1)+0.09w—1)?

(AT)
R,(W)=0.79+0.15w—1)—0.04w—1)2,
while Close and Wambad27] determine
R;(w)=1.15-0.07w—1)+ O(w—1)?
(A8)

Ro(W)=0.91+0.04w—1)+ O(w—1)2,

CLEO measuredr;(0) andR,(0) to be 1.180.30+0.12
and 0.710.22+0.07, respectively{28]. The form factor
hAl(w) can be assumed to be linear ia,§l(w)=1—pf\l(w
—1); CLEO measureg} to be 0.91-0.15+0.06.

I'(B—D*p') as function ofM . is shown in Fig. 29,
where the form factofp, is not included.

b. Width of p’ decay
The width ofp’ decay can be expanded as

1

L(p'—om)=s0—I[A(p' —0m)*dP(p' = wm)
(A9)

dP(p’ I A10

Plp' —om)=o— M (A10)
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A(p'—wm)=Lorentz structurh(M? ),
(A11)

wherep,, is evaluated in thev 7 rest frame, andh(Mfm) is

thep’ strong decay form factor, which is usually assumed to

be a constant.

The Lorentz structure gp’ — w7 must be linear in the
polarization vectors of thg’ and thew. The simplest math-
ematical expression is, - ,,, Which is S wave. For P wave,
sincee, -p,»=0 ande,-p,=0 by transversality, the only
Lorentz scalers we can form ares(-p,)(e, p,) and

ewaﬁsl’;,sz)pgpf,. The first term violates parity conserva-
tion. Later, we describe the detailed calculation of the second

term, which gives

|A(pl Hwﬂ-)|2: hz(Mtzow)| Euvaﬂsg’gngpf’lz

xh? (M2 M2 .p2 . (A12)
Thus, the width ofp’ — w7 is
T'(p'—om)=h? (M2 _)pd. (A13)

Note that the contribution of longitudinal polarizedto

the width is zero, which is consistent with our spin-parity

study; our measurements gaVg,ng/I'1o¢ to be (16-9)% in
the D* w7 mode and - 0.4+ 22%) in theD o7 mode.

c. Breit-Wigner function

The Breit-Wigner function has a long history. Fundamen-*
tally we are approximating the decay as having a non-

PHYSICAL REVIEW D 64 092001

dI'(B—D*wm)=I'(B—D*p’)

% 2M0)7TFLU7T(M0)7T)
(M?uﬂ'_ Mi’)2+ M?o‘rrl—‘tot(M wrr)z

dm?

X
2

(A17)

With the relation shown in EqA15), we have the differ-
ential function which can be used for fitting the mass distri-
bution,

dI'(B—D*wm) .
T:CXF(B—)D p’)
M2
X 2 2\2 2 2’7
(MG =M2)“+ML T

(A18)

wherel is theM , .-dependent total width. From E¢A15)
and Eq.(A16) we obtain

2 3

h(M2 ) A19)

h(M?)

Pu(Myr)
pw(Mp’)

e. Decay form factor ofp’ »ww

Now, what form should we use fon(M?_)? In Eq.
(A12), the dimensions dﬁ(Miw) are GeV !, but the depen-
dence onM,,, could be anything. So we can tlfy(Mfm)
M? _, wheren is allowed to float in the fit.

h(M2_) could also include Blatt-Weisskopf factof29].

changing amplitude as a function of mass in the simplesf* Blatt-Weisskopf factor for the P-wave decay —wm
case. In general the denominator of the Breit-Wigner has #ould be of the form

fixed form in amplitude given by

Denominato=M?2_—M i, —iM , Tot(M ).
(A14)

The numerator is where we have to have more discussion.

Sincew is a large decay mode gf, we assume that the

mass dependence bf,; can be approximated by the mass

dependence df', .,

I Mwﬂ' =T M .
tot( ) tot( p )Fw,n_(Mpr)

(A15)

From the derivation of (p' — w7) above, we see that

2 3

h(M2_,
2
h(M?,)

pw(Mwﬂ')
pw(Mp’)

Fwﬂ'(M (1)77) _
Fa)ﬂ'(Mp’)

(Al6)

d. Differential distribution

Equation(A2) now can be rewritten as

_ 1+(Rpa)(Mp’))2
1+ (Rpy(Myr)?

whereR is the radius of theg’ meson. A typical value iR
=1 fm/hc.

FF(M2 )

T

(A20)

3. Fitto M, spectrum

Since we are limited by the statistics, we chose to add the
D andD* final states together. This is permissible since the
Lorentz structure op’ decay in the different modes is the
same. The only difference is in the widthBf~D™*)p’ part,
that depends oM ., however this difference is slight.

We use following formula to represent the width:

F(Mww):F(Mp’)

[ PolMa) B(M,,r "1+ RR,M,))°
pw(Mp’) M“”T 1+(Rpw(Mw7T))2
(A21)

We allow the parameteiR andn to float. We use Neubert's
calculated values foR; andR,; effects of changing this to
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TABLE VIII. Mass and width fit of resonancge’. &(0)=(p,0,0E)/M. (A22)
Parameters Magd/leV) Width (MeV)
Neubert(nomina) 1349+ 25 547+ 86 For generaﬁ, we can construct o) as follows:
M=Mp -4.0 -31
Close and Wambach -15 -9
CLEO D*lv +8.2 +24 >
Vary R andn 3 5 o — (B ﬂ) (A23)
Systematic error 200 e @~ 1M 'Mp

other estimates will contribute to the systematic error. Figurd N€ (=) are not shown as they will not be directly used.
25 shows the fit tdMl,, . distribution. Now we need to prepare calculations of several quantities.

The fit gives the mass and width to be (13485) MeV  First is e(},e(,,. The summation over all helicity states is
and (547 86) MeV, respectively. The values f&andnare  given in[30]. For helicity 0, we use EJA23) and expand it.
2.05" {82 and 0.57 53, respectively. We have

Systematic errors can arise from several sources. We test
our fit globally by restricting the mass range to below 1.8
GeV. This results in a shift in the mass by -5.7 MeV and the P.P,
width by -23.2 MeV. Both of these changes are much smaller N
than the statistical error.

Two specific sources of systematic error are usingitie
mass to represent both* and D meson final states, and
using the form factor®; andR, from Neubert’s calculation. w o pp” (p#p")*

To estimate the error on the former, we use Ehé the fit; HORON W‘ 5090t p2

for the latter we use form factors as calculated by Close and (A25)
Wambach or, the CLEO measurement of these parameters.

Listed in the Table VIII are the contributions from each of

these sources. (pHp”)*

Finally, to estimate the error due to our model of the ™~ sft+)g(v+)+ gfg)g([) =—0""+68,00,0— PR
shape, we allow the values 8fandn to change so that the P
x? of the fit increases by one unit, corresponding to a one (A26)
standard deviation variation. We list in Table VIII the maxi-
mum positive and negative changes in the mass and width
values allowed by these variations. Thus our final value fodn (p“p*)*, only u,»=1,2,3 have non-zero values. In the

the mass op’ resonance is (134925 1% MeV. The width later calculations, we always assume that transverse helicity
is (547+ 86f2§) MeV. states L =*1) have the same probabilities.

For terms Iikeeaﬁyﬁp“pﬁ ..., exchanginga and g will
fptroduce a negative sign. Thus the value is zero.

(A24)

It is possible that values of the’ mass and width could
be affected if additional resonance substructure of unknow
origin were to be included. There is no evidence, however,
that such structures are needed. By including all the known .
physics effects of phase space and Lorentz structure we are €apy5P” PP anything=0. (A27)
able to describe the data quite well.

The Lorentz structure will be calculated with summation
4, Calculation of the Lorentz structure of all helicity states and different polarizations.

In this section, we will calculate the Lorentz structure
|€uvapelie,p a?|?, where we use” andq” to represent
the four momentum ofp’ and w. In general the helicity
structure is more apparent when calculated in a rest frame =eaﬁy,seKWV(s"s"pﬁp”)p,(sys"q‘sp”)w,
where thep’ is in motion. Later we will give the expression
in p’ rest frame.

The transversalitys,,-p,=0 [30]. For spin-1 massive

particle with momentunp=pe,, the helicity states can be \ynereA,, for longitudinal polarizegh’ and transverse polar-
represented as ized w. Others are similar.
There is one term which often shows up; expanding we
£(s)=T(0,11,0) find

Awot=Agot Agr At Agg

(A28)
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€0ijk €0imnPjPmkdn=P305+ P35~ 2P2Padzds  (i=1)
+pia5+p3ai—2pipsaids  (i=2)
+PpIa5+ p5as — 2p1P20ad;
+(piqi+p3g5+ p3a3)
—(p3qi+p3g5+p3a3)
=(pi+p3+p3)(ar+as+a3)
—(P101+ P202+ P3da)?
=p29®~ (p-q)?= p?g?(1—cos0).
(A29)

(i=3)

Now the summation over all helicity states:

. papK
Atotzfaﬁ’yﬁeK)\,uV -9 + M2 pﬁp)\
aa”| s,
x| —gme )q q

= €apys€au9° 97 P q’q”

= —2€0pu5€00,PPP A°Q"  (@=0 or «k=0)
+ €40u6€a04,P°P°A%°A"  (B=\=0)
+ €apro€arnoP?’p'a’q°  (6=v=0)
+2€40u0€am,0P’P0°q°  (B=v=0 or \=5=0)

= —2p2g?(1-co$) + 2E2, ¢+ 2Ep?

—4E, E,pqcosé. (A30)

Lorentz structures for longitudinal polarized and w:

pUp* (p*p")*
A00= 6aﬁ‘y56K)\;Lv( M2 - 60[05K0+ 2 ) po)\
q’q” (979*)*
X| ————68,00,0+ oq”
( m2 y0¥u0 q2 aq

= €apys€nm(P P PPPNA7A#)* q°g” g

=0. (A31)

In the first step, only one of nine terms survive; seven terms

are eliminated due to E§A27). The one which has fous’s
results in two zero subscripts in eaehln the second step,
Eq. (A27) limits that 8,\, 4, and v are all zero, which also
gives zero.

The Lorentz structures for longitudinal polarized and
transverse polarize@ are

PHYSICAL REVIEW D 64 092001

pUp” (pp*)*
5 ) pfp*

AOl: EaB’y(SGK)\,U.V( M 2 -

X

(97g")*
—g7+8,00,0— ——5—|4°q"
q

= 60/3756/()\;1,1/50105/(09 'y,up,Bp)\qﬁqV

(P“p")*

- eaﬂyé‘ek)\,u.vg%u p2

pPp*q’q”

= — €opus€or PP %"

(P“P")*

0~/0~3,
+Ea0,u56KO;LV p2 p P q qv

0,0
%— 1) p2g%(1—cosh)

=M?,g%(1-cos0). (A32)

Similarly, Lorentz structures for transverse polarize&d
and longitudinal polarized are

Aj=m2p?(1—cog), (A33)

while Lorentz structures for transverse polariz€dand o
are given by

A11=Atot— Ao~ Aor— A1o
=2E2 ¢+ 2E2p?~4E,, E,pqcoss
—(2p%q%+ Mi,q2+ mZ2p?)(1—cog0)
= (Ei, +E2p?)(1+cog)—4E, E,pqcose.
(A34)

In the rest frame ofp’, the Lorentz structures are ex-
pressed as

Awi=2M2,q2
AOOIO
Agi=M2,q%(1~cos0) (A35)

AlO: 0

(Note that there is no contribution from longitudinal polar-

ized w.)
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