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We report the results of a study of charged B decays to the D¥n 7T and D*TxT#T final states
using complete D™ reconstruction. The contributions of two-body B — D**7 decays with narrow
(j=3/2) and broad (j=1/2) D** states have been determined and the masses and widths of four D**
states have been measured. This is the first observation of the broad Dg° and D!’ mesons. The

analysis is based on a data sample of 65 million BB pairs collected in the Belle experiment.

PACS numbers: 13.25.Hw, 14.40Lb, 14.40.Nd

INTRODUCTION

B decays to D and D*7 final states are two of the dominant hadronic B decay modes and have been measured

quite well [1]. In this paper we study the production of D-meson excited states, collectively refered to as D**’s, that



are P-wave excitations of quark-antiquark systems containing one charmed and one light (u,d) quark. The results
provide tests of Heavy Quark Effective Theory (HQET) and QCD sum rules. Figure [l shows the spectroscopy of
D-meson excitations. In the heavy quark limit, the heavy quark spin §,. decouples from the other degrees of freedom
and the total angular momentum of the light quark j'q =L+ 54 is a good quantum number. There are four P-wave
states with the following spin-parity and light quark angular momenta: 07 (j, = 1/2), 17 (j, = 1/2), 17(j, = 3/2)
and 2% (j, = 3/2), which are usually labeled as D, D}, Dy and Dj, respectively. The two j, = 3/2 states are narrow

“o
Logl
>
Os6

24
22

2

18 L

FIG. 1: Spectroscopy of D-meson excitations. The lines show possible single pion transitions.

with widths of order 20 MeV and have already been observed H, H, u, H, Ia, H, E, Ia, Iﬂ, El, Ia] The measured values
of their masses agree with model predictions E, , 115, [16]. The remaining j, = 1/2 states decay via S-waves and
are expected to be quite broad. Although they have not yet been directly observed, their total production rate has
been measured in B-meson semileptonic decays [10].

CLEO has observed the production of both of the narrow D** mesons in B — D*n7 decays with the following

branching fractions [11]:

B(B~ — D{n7) x B(D{ — D*"77) = (7.841.9) x 1074,
BB~ — D% ) x B(D3® - D*"n7) = (4.2+£1.7) x 1074 (1)

The ratio of the B meson branching fractions

B(B~ — D;Oﬂ'*)

r= B(B~ — D{n—)

(2)

is calculated in HQET and the factorization approach in Refs. E, IE] In Ref. H] R is found to depend on the

values of sub-leading Isgur-Wise functions (71,2) describing Agcp/me corrections. Variations of 71 2 by £0.75 GeV



result in values of R that range from 0 to 1.5. In Ref. [19] some of the sub-leading terms are estimated and the ratio

is determined to be

1+6P%|°
R~ 0.35 3
il @
where 58D 1P2) are non-factorized corrections that are expected to be small. The value of R calculated from the CLEO

results given in Eq.(l) plus the ratio of branching fractions B(D3? — D*7~)/B(D3° — D*Tn~) = 2.3+ 0.8 4, ]
and the assumption that D; and D3 decays are saturated by the two-body D7, D*m modes, is R = 1.8 + 0.8. This
value is higher than the prediction, although the uncertainties are large. If more precise measurements do not indicate
lower values of R, a problem for theory may arise. Thus, a measurement of R will allow us to test HQET predictions.

Another possible inconsistency between theory and experiment is in the ratio of the production rates of narrow
and broad states in semileptonic B decays. QCD sum rules [20] predict the dominance of narrow D**(j, = 3/2) state
production in B — D**lv decays. On the other hand, the total branching fraction B(B — D™~ v) = (2.6 £ 0.5)%
measured by ALEPH and DELPHTI [1] is not saturated by the contribution of the narrow resonances, (0.86+0.37)% [21]],
indicating a large contribution of broad or nonresonant D)7 structures.

In this study we concentrate on charged B decays to D)7 F7F. For these decays the final state contains two

pions of the same sign that do not form any bound states, making analysis of the final state simpler.

THE BELLE DETECTOR

The Belle detector [22] is a large-solid-angle magnetic spectrometer that consists of a three-layer silicon vertex
detector (SVD), a 50-layer central drift chamber (CDC) for charged particle tracking and specific ionization measure-
ment (dF/dzx), an array of aerogel threshold Cerenkov counters (ACC), time-of-flight scintillation counters (TOF),
and an array of 8736 CsI(T1) crystals for electromagnetic calorimetry (ECL) located inside a superconducting solenoid
coil that provides a 1.5 T magnetic field. An iron flux return located outside the coil is instrumented to detect K,
mesons and identify muons (KLM). We use a GEANT-based Monte Carlo (MC) simulation to model the response of
the detector and determine the acceptance [23].

Separation of kaons and pions is accomplished by combining the responses of the ACC and the TOF with dE/dx
measurements in the CDC to form a likelihood £(h) where h = () or (K). Charged particles are identified as pions
or kaons using the likelihood ratio (PID):
L(K)

, L(r)
L(K) + L(r)’

PID(K) = LK)+ L(m)

PID(r) = =1-PID(K).

At large momenta (>2.5 GeV/c) only the ACC and dE/dz are used since the TOF provides no significant separation
of kaons and pions. Electron identification is based on a combination of dE/dx measurements, the ACC responses and
the position, shape and total energy deposition (E/p) of the shower detected in the ECL. A more detailed description

of the Belle particle identification can be found in ref. |24].

EVENT SELECTION

A 60.4 fb~! data sample (65.4 million BB events) collected at the T (4S) resonance with the Belle detector is used.
Candidate B~ — DYn~n~ and B~ — D*t7~ 7~ events as well as charge conjugate combinations are selected. The

D% and D** mesons are reconstructed in the D¥ — K—at7xt and D*t — D%r* modes, respectively. The D°



candidates are reconstructed in the D° — K—7nt and D° — K~ntntn~ channels. The signal-to-noise ratios for
other D decay modes are found to be much lower and they are not used in this analysis.

Charged tracks are selected with requirements based on the average hit residuals and impact parameters relative
to the interaction point. We also require that the polar angle of each track be within the angular range of 17° — 150°
and that the transverse track momentum be greater than 50 MeV/c for kaons and 25 MeV/c for pions.

Charged kaon candidates are selected with the requirement PID(K) > 0.6. This has an efficiency of 90% for kaons
and a pion misidentification probability of 10%. For pions the requirement PID(7) > 0.2 is used. All tracks that are
positively identified as electrons are rejected.

DT mesons are reconstructed from K~ 77t combinations with invariant mass within 13 MeV/c? of the nominal
D% mass, which corresponds to about 3ok rr. For DY mesons, the K7 or Knrr invariant mass is required to be
within 15 MeV/c? of the nominal D° mass (3 0x,). We reconstruct D*T mesons from the D combinations with a
mass difference of Mp, — Mpo within 1.5 MeV/ ¢? of its nominal value.

Candidate events are identified by their center of mass (c.m.) energy difference, AE = (3}, E;) — Ey, and beam-
constrained mass, My, = \/E? — (>, pi)?, where Ey, = y/s/2 is the beam energy in the Y(45) c.m. frame, and p;
and FE; are the c.m. three-momenta and energies of the B meson candidate decay products. We select events with
My > 5.20 GeV/c? and |AE| < 0.10 GeV.

To suppress the large continuum background (e*e™ — qq, where q = u, d, s, ), topological variables are used. Since
the produced B mesons are almost at rest in the c.m. frame, the angles of the decay products of the two B mesons
are uncorrelated and the tracks tend to be isotropic while continuum ¢g events tend to have a two-jet structure. We
use the angle between the thrust axis of the B candidate and that of the rest of the event (Opyust) to discriminate
between these two cases. The distribution of | cos O¢pryst| is strongly peaked near | cos O¢pryst| = 1 for g7 events and
is nearly flat for Y(4S5) — BB events. We require | cos Oy},yst| < 0.8, which eliminates about 83% of the continuum
background while retaining about 80% of signal events.

There are events for which two or more combinations pass all the selection criteria. According to a MC simulation,
this occurs primarily because of the misreconstruction of a low momentum pion from the D** — D®) 71 decay. To
avoid multiple entries, the combination that has the minimum difference of Z coordinates at the interaction point,
| Z, — Zr,|, of the tracks corresponding to the pions from B — D**m; and D** — D®) 1y decays is selected [25]. This
selection suppresses the combinations that include pions from Kg decays. In the case of multiple D combinations,

the one with invariant mass closest to the nominal value is selected.

B~ — DYn 7~ ANALYSIS

The M. and AE distributions for B~ — DTn~ 7~ events are shown in Fig. Bl The distributions are plotted for
events that satisfy the selection criteria for the other variable: i.e. |AE| < 25 MeV and |My. — Mg| < 6 MeV/c? for
the My and AFE histograms, respectively. A clear signal is evident in both distributions. The signal yield is obtained
by fitting the AFE distribution to the sum of two Gaussians with the same mean for the signal and a linear function
for background. The widths and the relative normalization of the two Gaussians are fixed at values obtained from
the MC simulation while the signal normalization as well as the constant term and slope of the background linear
function are treated as free parameters.

The signal yield is 1101 4 46 events. The detection efficiency of (18.2 4+ 0.2)% is determined from a MC simulation

that uses a Dalitz plot distribution that is generated according to the model described in the next section.
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FIG. 2: The a) My and b) AE distributions for B~ — D" 7~ 7~ events. The hatched histogram in (b) is the D mass sideband
([IMp — Micrr| — 26 MeV/c?| < 6.5MeV/c?).

Using the branching fraction B(DT — K~ w"7) = (9.1 £ 0.6)% [1], we obtain
B(B~ — D*n 1) = (1.02 £ 0.04 £ 0.15) x 1073,

which is consistent with the upper limit obtained by CLEO, B(B~ — D¥tn~7~) < 1.4 x 1073 [26]. The statistical
significance of the signal is greater than 250 [27]). This is the first observation of this decay mode. The second
error is systematic and is dominated by a 10% uncertainty in the track reconstruction (a 2% per track uncertainty
was determined by comparing the signals for n — 7F7~ 7% and  — ~v). The uncertainty in the D* — K77+
branching fraction is 6.6% and that for the particle identification efficiency is 5%. Other contributions are smaller.
The uncertainty in the background shape is estimated by adding higher order polynomial terms to the fitting function,
which results in less than a 5% change in the branching fraction. The MC simulation uncertainty is estimated to
be 3%. The possible contribution from charmless B-meson decay modes is estimated from the Mp sidebands. The
sideband distribution, shown as the hatched histogram in Fig. B(b), indicates no excess from such events in the signal

region.

B — Dnw Dalitz plot analysis

For a three-body decay of a spin zero particle, two variables are required to describe the decay kinematics; we use
the two D invariant masses. Since there are two identical pions in the final state, we separate the pairs with maximal
and minimal Mp, values.

To analyze the dynamics of B — D decays, events with AE and My, within the |AE| < 25 MeV, |My. — Mp| <
6 MeV/c? signal region are selected. To model the contribution and shape of the background, we use a sideband
region defined as 100 MeV > |AE| > 30 MeV with the signal M), given above. The minimal D7 mass distributions
for the signal and sideband events are shown in Fig. Bl where narrow and broad resonances are visible.

The distributions of events in the M3 . . versus M2_  Dalitz plot for the signal and sideband regions are
shown in Fig. @l The Dalitz plot boundary is determined by the decay kinematics and the masses of their daughter
particles. In order to have the same Dalitz plot boundary for events in both signal and sideband regions, mass-
constrained fits of K7 to Mp and D7nrw to Mp are performed. The mass-constrained fits also reduces the smearing

from detector resolution.
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FIG. 3: a)The minimal Dm mass distribution of B~ — D7~ 7~ candidates. The points with error bars correspond to the
signal box events, while the hatched histogram shows the background obtained from the sidebands. The open histogram is
the result of a fit while the dashed one shows the fit function in the case when the narrow resonance amplitude is set to zero.
b)The background-subtracted D7 mass distribution. The points with error bars correspond to the signal box events, hatched

histograms show different contributions, the open histogram shows the coherent sum of all contributions.

To extract the amplitudes and phases of different intermediate states, an unbinned fit to the Dalitz plot is performed
using a method similar to CLEQ’s [28]. The event density function in the Dalitz plot is the sum of the signal and
background.

Since the D7 mass distributions for the upper and lower halves of the AFE sideband have similar shapes, we can
expect similar background behavior for the signal and sideband regions. The background shape is obtained from an
unbinned fit of the sideband distribution to a smooth two-dimensional function. The number of background events
in the signal region is scaled according to the relative areas of the signal and the sideband regions.

In the DT~ 7~ final state a combination of the DT-meson and a pion can form either a tensor meson D3° or
a scalar state D%; the axial vector mesons DY and D7’ cannot decay to two pseudoscalars because of the angular
momentum and parity conservation. The D*0 cannot decay to the Dt~ because the D*0 mass is lower than that of
DT r~. However, a virtual D} of a higher mass can decay to D*7~. Another virtual hadron that can be produced in
this combination is B} (B — Bjm and B, — D). The contributions of these intermediate states are included in the
signal-event density (S(q?,¢3)) parameterization as a coherent sum of the corresponding amplitudes together with a

possible constant amplitude (as):

S(a2,a3) = |an; AP (2, ) + g™ A0 (G2, @) + ap; 9P AV(, ) + a7 AP (g, ) + ase'® | @R(AP),

(4)
where ®R(Ag?) denotes convolution with the experimental resolution. Each resonance is described by a relativistic
Breit-Wigner with a ¢? dependent width and an angular dependence that corresponds to the spins of the intermediate
and final state particles:

T (g1, o)
q% - Mz + Z.MLFL(L]%

AP (@, g3) = F..(p1) )Fé€1D<p2> + (g — ), (5)
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FIG. 4: The Dalitz plot for a) signal events and b) sideband events.
where
Tr(@®) = To - (02/p3)* " (Mr/ v/ 25 (p2) (6)

is the ¢ dependent width of the D**, with mass M; and width I';, decaying to D state with orbital angular
momentum L. The variables p1, p2, pp, ¢1 = p2 + Pp, q2 = p1 + pp are the four-momenta of the pions, D, and
Dr combinations, respectively; p2, p3 are the magnitude of the pion three-momentum in the D** rest frame when
the D** has a four-momentum-square equal to ¢* and M7, respectively; p;, p are the magnitude of the pion three-
momentum in the B rest frame for the case when the D** four-momentum squared is equal to ¢? and M7, respectively.

The angular dependence for different spins of the intermediate states is:

M M2 2.2
TO(q1,q2) =1, TV (g1, q0) = szl cost, T (q1,q2) = %(cos2 0—1/3), (7)
q7 1

where 6 is the angle between the first pion from the B-decay and the pion from the D**-decay in the D** rest
frame, and F ](333**( 1) and F éz p(p2) are transition form factors, which are the most uncertain part of the resonance

description. For the B — D** and D** — D form factors, we use the Blatt-Weiskopf parameterization [29]:

L+ (pr)2 7 4P 9+ 3(pr)? + (pr)*

where r=1.6 (GeV/c)~! is a hadron scale. For the virtual mesons D} and B} that are produced beyond the peak

region, another form factor parameterization has been used:
Fag(p) = e "(P7P); (9)

this provides stronger suppression of the numerator in Eq. () far from the resonance region. The resolution function
is obtained from MC simulation; the detector resolution for the Dr invariant mass is about 4 MeV /c?.
The D** resonance parameters (MD;o, FD;o, MDSO’ FD;;“) as well as the amplitudes for the intermediate states

and relative phases (aD;, apz, apg, ap+, as, ¢px, qSD;;, ¢p+, ¢3) are treated as free parameters in the fit.



I I III v
Parameters D3, Dg D3, Dg,D} ||\ D5, D, D;, By||D5, Di,D;, By,
ph.sp(as)
Brp;(107*) | 3.21 £ 0.24 | 3.26+ 0.26 3.38 £ 0.31 3.47 £+ 0.37
Brp:(107*) | 6.09 £ 0.42 | 4.96 + 0.47 6.12 & 0.57 8.35 & 0.94
b -2.01 + 0.10]-2.35 + 0.11 || -2.37 £ 0.11 -2.31 + 0.14
Brp:(107%) - 1.46 + 0.23 2.21 & 0.27 2.23 £ 0.32
ép: - 0.03 &+ 0.15 -0.25 + 0.15 -0.33 + 0.19
Brp:(107%) - - 0.67 % 0.04 0.72 & 0.04
bp: - - -0.27 + 0.28 -0.39 + 0.24
MD;o(MeV/CQ) 2454.6 4 2.1(2458.9 4+ 2.1|| 2461.6 + 2.1 2462.7 + 2.2
Tpso(MeV) | 438 £4.0 | 44.2 £4.1 45.6 + 4.4 46.1 + 4.5
MDgo(MeV/CQ) 2268 4+ 18 | 2280 + 19 2308 + 17 2326 + 19
T pso(MeV) 324 +26 | 281 + 23 276 + 21 333 + 37
az x 10° - —~ —~ 0.38 £0.65
o - - - —0.10 £0.93
Niig 1058 + 47 | 1007 + 44 1056 + 46 1068 + 47
—2InL/L, 115 26 0 -7
x2/N 253.9/129 | 185.2/127 166.5/125 158.5/123

TABLE I: Fit results for different models. The model used to obtain the results includes amplitudes for D3, D§, D), B

intermediate resonances. Adding the constant term (ph.sp(as)) does not significantly improve the likelihood.

Tablellgives the results of the fit for different models. When the D amplitude is included, the likelihood significantly
improves and gives branching fractions values that are consistent with expectation based on the D* width and the
B~ — D*7~ branching fraction. When the B amplitude is added, the likelihood is also significantly improved. A
constant phase space term, az exp(igs), does not substantially change the likelihood and the final results are presented
without this term. The variation of the fit parameters when these last amplitudes are included is used as an estimate
of the model error.

Figure B shows the D7 mass distributions for different D7 helicity regions. The helicity (cosé},) is defined as the
cosine of the angle between the pions from the B and D** decays in the rest frame of D**. The number of events in
each bin is corrected for the MC-determined efficiency. The curve shows the fit function for the case when the D3, Dg,
D# and B} amplitudes are included. The D3 resonance is clearly seen in the helicity range | cosfy| > 0.67, where
the D-wave peaks. The range 0.33 < |cosfp| < 0.67 where the D-wave amplitude is suppressed, shows the S-wave
contribution from the D while the low helicity range |cos | < 0.33 demonstrates a clear interference pattern.

Another demonstration of the agreement between the fitting function and the data is given in Fig. B where the
helicity distributions for different ¢ regions are shown. The histogram in the region of the D} meson clearly indicates
a | cos? 0, — 1/3|? D-wave dependence. The distributions in the other regions show reasonable agreement between the
fitting function and the data except for a few bins in the small Mp, i, region and with helicity close to 1 (Fig. Bla)).
This region is populated mainly by the virtual D} and B} production, the description of which depends on the form
factor behavior. This discrepancy does not affect the determination of the D** parameters that are the main topic of
this work.

The fit quality is estimated using a two-dimensional histogram of minimum ¢%_ versus the D7 helicity and calcu-

lating the x?/N for the function obtained from unbinned likelihood minimization. The confidence level for the model
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D3, D§ and D} amplitudes (the top curve) and the background contribution (the bottom one). The number of events in each

bin is corrected for the efficiency obtained from MC simulation.

| Model | —21n(£/Lpnac)
D}, Di, D5, B 0

D3, Dy, Bj, ph.sp(as) 265
D3, D; , Bi,1° 355
D3, DX, B 2" 235

TABLE II: Comparison of models with and without a 0" resonance. The amplitudes for D} and the virtual D} and B} are

always included.

with D3, D§, D} and B is about 0.8%. The low confidence level is due to the poor description in the region where
Mpr min is small and Mpy mas s large (or helicity is close to 1) as discussed above.

In Table [l the likelihood values are presented for the case when the broad scalar resonance is excluded or when it
has quantum numbers different from JZ = 0%. For all cases the likelihood values are significantly worse. Thus, we
claim the observation of a broad state that can be interpreted as the scalar Dg. The fit gives the following parameter

values:
MD;;O = (2308 + 17+ 15+ 28)MeV/c2, PDSO = (276 + 21 + 18 + 60)MeV.

The values corresponds to the case when four amplitudes (column IIT of Table[ll) were included. Here and throughout
the paper the first error is statistical, the second is systematic and the third is the model-dependent error described
below.

The values of the narrow resonance mass and width obtained from the fit are:

Mp.o = (2461.6 £ 2.1+ 0.5+ 3.3)MeV/c?, Tp.o = (45.6 & 4.4 % 6.5+ 1.6)MeV.
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The value of the D3° width is larger than the world average of 23 =5 MeV, and is consistent with the preliminary
result from FOCUS of 30.5 £ 4.2 MeV [30]. The previous analyses did not take the interference of intermediate states
into account; this suggests that there may be large unaccounted systematic errors in these measurements.

The following branching ratio products are obtained:

B(B~ — D7) x B(D3® — D7) =(344+0.3+0.64+0.4) x 107%,

BB~ — D7) x B(D® — DY77) = (6.1 +£0.6+0.941.6) x 107*,
and the relative phase of the scalar and tensor amplitude is
¢pzo = —2.37+0.11 £0.08 £0.10.

The systematic errors are estimated by comparing the fit results for the case when the background shape is taken
separately from the lower or upper sideband in the AFE distribution. The fit is also performed with more restrictive
cuts on AE, My, and AMp. The maximum difference is taken as an additional estimate of the systematic uncertainty.
For branching fractions, the systematic errors also include uncertainties in track reconstruction and PID efficiency, as
well as the error in the D™ — K~ 7T absolute branching fraction.

The model uncertainties are estimated by comparing fit results for the case of different models (ITI-IV in Table [
and for values of r that range from 0 to 5 (GeV/c)~! for the transition form factor defined in Eqgs. ([®) and ().

B~ — D*'r~ 7~ ANALYSIS

For D* reconstruction, the D** — D%t decay is used and two decay modes D° — K~7" and D* — K~ ntrt7n~
are included. The AFE and My, distributions are shown in Fig. [ In each mode the number of signal events is
obtained in a way similar to that described for the Dn7 selection. The observed signal yields of Ng, = 273 + 21 and
Ngsr = 287 £+ 22 for the K7 and Knwm modes, respectively, are consistent, based on the D branching fractions and
the efficiencies determined from MC: (13.6 +0.2)% for K~ 7" and (6.5 4+ 0.2)% for K~ ntatm—.

The branching fraction of (D* — Dm)nm events, calculated from the weighted average of the values obtained for

the two modes, is:
B(B~ — D* 1 7)) = (1.25£0.08 4+ 0.22) x 1073,

where the first error is statistical and the second is systematic. This measurement is consistent with the world average
value (2.140.6) x 1073 [1l]. The systematic error is dominated by the uncertainties in the track reconstruction efficiency
(16 %) (for a low momentum track from the D* decay the efficiency uncertainty is 8 %) and the PID efficiency (5 %).

The background shape uncertainty is estimated in the same way as for the D7 analysis to be 5%.

B — D*rnw coherent amplitude analysis

In this final state we have a decaying vector D* particle. Assuming the width of the D* to be negligible, there are
two additional degrees of freedom and, in addition to two D*m invariant masses, two other variables are needed to
specify the final state. The variables are chosen to be the angle a between the pions from the D** and D* decay in

the D* rest frame, and the azimuthal angle v of the pion from the D* relative to the B — D*nm decay plane.
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FIG. 6: The helicity distribution for data (points with error bars) and for MC simulation (open histogram). The hatched
distribution shows the scaled background distribution from the AFE sideband region. Figures a), b) correspond to the ¢* region
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FIG. 7: The a) My, and b) AE distributions for BT — D**7F ¥ candidates.

For further analysis, events satisfying the selection criteria described in the first section and having AE and My,
within the |[AE| < 30 MeV, [My. — Mg| < 6 MeV /c? signal range are selected. To understand the contribution and
shape of the background, we use events in the 100 MeV > |AFE| > 30 MeV sideband.

The D*r final state can include contributions from the narrow D3 and DY, and the broad D!’ states. The
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minimal D*7 mass distributions for the signal and sideband events are shown in Fig. B A narrow structure around
Mp+r ~ 2.4 GeV/c? and a broader component that can be interpreted as the D] are evident.

The Dalitz plot distributions for the signal and sideband events are shown in Fig. @l In order to have the same
boundary of the Dalitz plot distributions for events from both signal and sideband regions as well as to decrease the

smearing effect introduced by the detector resolution, mass-constrained fits of Dmw to Mp«+ and D*7nm to Mp are

performed.
oy 70 oy 70 E
3 60 3 60
> s
g 50 S 50 1
2 2 §
8 40 8 40 §|
i i
30 30

e

20

Wi

by bt

22 23 24 25 26 27 22 23 24 25 26 27
M (GeV/c?) M (GeV/c?)

o
Z
e,

=
L
o

D*1tmin D*1tmin

FIG. 8: a) The minimal mass distribution of D*7r events. The points with error bars are experimental data, the hatched
histogram is the background distribution obtained from the sideband, the open histogram is MC simulation with the amplitudes
and intermediate resonance parameters obtained from the fit. The dashed histogram shows the contribution of the broad
resonance. b) The background-subtracted D*m mass distribution. The points with error bars correspond to the signal box

events, hatched histograms show different contributions, the open histogram is a coherent sum of all contributions.

To extract the amplitudes and phases for different intermediate states, an unbinned likelihood fit in the four-
dimensional phase space was performed. Assuming that the background distribution (B(¢?,¢3,, 7)) in the signal
region has the same shape as in the AFE sideband, we obtain the B(¢?, ¢35, a,y) dependence from a fit of the side-
band distribution to a smooth four-dimensional function. The number of background events in the signal region is
normalized according to the relative areas of the signal and the sideband regions. The signal is parameterized as a
sum of the amplitudes of an intermediate tensor (D3), and two axial vector mesons (D}, D;) convoluted with the ¢

resolution function R(Ag¢?) obtained from MC simulation:

S(i,¢5,0,7) = [APV(g], 65, 0,7) + APV (g, 65, 0, y) + AP (GF f ) (10)
7 ip g * i 2
+ apve‘z’DvAD”(qf,qg,a,’y)+aBze 955 AB (42,43, 0,7y) + aze ¢3’ ® R(Aq?).

Each resonance is described by a relativistic Breit-Wigner with a width depending on ¢? (see EqH) and angular

dependence corresponding to the spins of the intermediate and final state particles.

MZp3p1ps

Vit

TP (q1, g2, ,7) = ap, (sin @ cosysin « 4 2 cos § cos ),
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TN q1, g2, 0,7y) = aDielel MLEP:)' (sin @ cosy sin aw — cos 6 cos a), (11)

43
o950 Mpp3pips

V&
where ap;, ap,, ap;, ¢p;, ¢p; are the relative amplitudes and phases for transitions via the corresponding inter-

mediate state. The amplitudes of S and D waves in Eq. () correspond to decay via 1;?2 and 1;/2 intermediate

T(Dg)(ql,tp,o&,’y) = ap; cos @ sin @ sin asiny,

states, respectively. Due to the finite c-quark mass, the observed 17 states can be a mixture of pure states. Thus,

the resulting amplitude will include a superposition of the amplitudes for the corresponding Breit-Wigner:

T(D;)(QMQ%%’Y) = T(ls)(qlquvavv) COSw — ein(lD)(qDQQaaa’y) sinw (12)
T(Dl)(Q17Q270477) = T<15)(Q17q27a7’7)81nw+eiin(lD)(qhq27a7’7)cosw'

where w is the mixing angle and ) is a complex phase.

The D*7 pair in the final state can be produced via virtual DY or B}° decaying to D**7~. Inclusion of a virtual D,
significantly improves the likelihood; including in addition B} and a constant term also improved the likelihood, but
the significance is not high (see Table ). A fit without the inclusion of a broad resonance gives a considerably worse
likelihood (see Table [[¥]). We also tried to fit the data by including a broad resonance with other quantum numbers
such as 07,17, 2*. In these cases the likelihood is also significantly worse, as shown in Table [Ml We conclude that
we have observed the broad 17 D} state with a statistical significance of more than 10 o. The model and systematic
errors are estimated in the same way as for the D7 case.

The D3 mass and width are fixed to the values obtained from the Dnm analysis. The axial vector D** masses
and widths as well as the branching fractions and phases of amplitudes ap,, a D}, ap;, ¢ D} ¢p; are treated as free
parameters of the fit as are the mixing angle w and the mixing phase .

Since there is no good way to graphically present the data and the model in four dimensions, we show the projections
of the distributions for various variables. Figure@®shows the Mp«, min distribution together with MC results that were

generated according to the model containing Dy, D}, Dj and virtual D,, B intermediate resonances with parameters



Dy, D3, Dy|Di, D5, Di,Dy||D1, D3, D}, Dy,||D1, D3, D}, Do,
B} By, ph.sp(as)
Brp,(107%) | 7.02 £0.75 | 6.86 4+ 0.72 6.78 + 0.69 6.73 & 0.69
Brps(107*) | 1.89 £0.28 | 2.00 + 0.28 1.83 4 0.26 1.82 + 0.27
$; -0.53 £ 0.15| -0.56 & 0.14 -0.57 £ 0.14 -0.56 + 0.14
Brp;(107*) | 5.01 +0.40 | 4.99 + 0.39 4.96 + 0.38 4.84 4+ 0.38
$p; 1.86 + 0.18 | 1.65 + 0.23 1.68 4 0.20 1.70 + 0.20
Brp, (107%) - 0.52 £ 0.19 0.57 £ 0.19 0.57 £ 0.19
6, - -2.68 + 0.26 -2.43 + 0.24 -2.43 + 0.25
Brp=(107%) - - 0.21 =+ 0.10 0.21 + 0.11
bp: - - 1.19 + 0.44 1.23 + 0.43
Mpo(MeV/c®) [2421.4 £ 1.6| 24212 £ 1.5 2421.4 + 1.5 2421.3 £ 1.5
Lpo(MeV) | 26.7 + 3.1 25.2 + 2.9 23.7 + 2.7 23.5 4+ 2.8
Mpp(MeV/c?)| 2442 + 29 2433 + 29 2427 + 26 2425 + 26
Tpo(MeV) | 454 £ 100 417 £ 105 384 1197 374 + 87
w -0.08 & 0.03| -0.09 & 0.03 -0.10 =+ 0.03 -0.10 =+ 0.03
0 0.00 +0.22 | 0.05 & 0.21 0.05 =+ 0.20 0.06 =+ 0.20
az x 10* - - - 0.51 4 0.77
¢s3 - - - —0.08 +0.83
Naigo 277 + 21 274 + 20 279 + 20 278 + 20
Niiga 275 + 20 276 + 20 281 + 20 281 + 20
—2InL/L, 25 7 0 -2

TABLE III: Fit results for different models.
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The model that is used to obtain these results includes amplitudes for

D3, Dy, D}, D,, B} intermediate resonances. Adding a constant term does not improve the likelihood significantly.

obtained from the fit. Figure [ shows a comparison of the data and the MC simulation for D** and D* helicities as
well as the angle y for ¢? ranges corresponding to the two narrow resonances D (¢? = (5.76 ~ 5.98) (GeV /c?)?), D3
(¢? = (5.98 ~ 6.15) (GeV /c?)?) and the regions populated mainly by the broad D} state below (¢*> < 5.76 (GeV /c?)?)
and above (¢? > 6.15 (GeV/c?)?) the narrow resonances. All distributions indicate good agreement between the data
and the fit result. We cannot characterize the quality of the fit by the standard x? test since for a binned distribution
with four degrees of freedom and a limited data sample any reasonable binning will result in only a few events per
bin. Therefore to estimate the quality of the fit we determine x? values for different projections of the distributions
in Figs. B and M The obtained y? values correspond to confidence levels in the 5 — 90 % range.

For the D; meson we obtain the following parameters:
Mpo = (2421.4+ 1.5 4+ 0.4 £ 0.8) MeV/c?, Lpo = (23.7£2.74+0.2+4.0) MeV.

These parameters are in good agreement with the world average values: Mpo = (2422.2 £ 1.8) MeV/c?, Lpo =
(18.973%) MeV [

The broad D resonance parameters are:
Mpyo = (2427 + 26 + 20 + 15) MeV /¢*, T'ppo = (3847797 + 24 £ 70) MeV.

Observation of a similar state was reported by CLEO but was not published; our measurement is consistent with
CLEO’s preliminary results: Mpo = (2461%35) MeV/¢?, Tpo = (2907 g;°) MeV [32).
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Model —2InL/L,
D%, D\, Dy, D,, B 0
D3, D1, Dy, B}, ph.sp(as) 170
D%, D1, Dy, BY,0" 107
D%, Dy, Dy, B, 1™ 156
D3, D1, Dy, B, 2+ 166

TABLE IV: Comparison of the models with and without a broad 1" resonance. The D} and D; amplitudes are always included.

The results for the products of the branching fractions of the B and D** mesons are:

B(B~ — Din ) x B(Dy — D*"n7) = (6.8+0.7+1.3+0.3) x 1074,
BB~ — D% ) x B(D3* — D*"n7) = (1.8 £0.3£0.3+£0.2) x 1074,

B(B™ — DPn7) x B(DY — D*"n7) = (5.0 0.4+ 1.0+ 0.4) x 1074,
the relative phases of the D3 and D} amplitudes are:
¢pyo =—0.57+0.14 £ 0.06 £0.13; ¢p; =1.68+0.20 £ 0.07 £+ 0.16,
and the mixing angle of two axial states and the complex phase are:

w=—0.10£0.03 £ 0.02 £ 0.02,

1 = 0.05 £ 0.20 £ 0.04 £ 0.06.

To understand the uncertainties in the background shape and the efficiency of the cuts, additional studies are
performed. The background shapes obtained separately for the upper and lower AFE sidebands are used in the
likelihood optimization. We also apply more restrictive cuts on AFE and My, that improve the signal-to-background
ratio by about a factor of two and repeat the fit. The maximum difference between the values obtained with different
cuts and different background shapes is included in the systematic error. The branching fraction errors also include
an 18% systematic uncertainty in the detection efficiency. The model uncertainties are estimated by comparing fit
results for the case of different models (Table [IIl) and for values of 7 in the range from 0 to 5 (GeV/c)™!, where r is

the hadron scale parameter in the transition form factors of Eqs. @) and ().

DISCUSSION

From the measured products of branching fractions of B(B~ — D37 )B(Di° — D**n~) and B(B~ —
D37 =)B(D3° — D*7r~) we obtain the ratio of the D3° branching fractions:
B(D3® — DTn™)
B(D3? — D*tn—)
which is consistent with the world average H = 2.3 + 0.6. Theoretical models [14, {18, [16] predict H to be in the

H =

=1.940.5,

range from 1.5 to 3. If the D3 decay is saturated by Dm, D*7 transitions, and D; decay by D*m, then the ratio R
in Eq. @) can be expressed as the following combination of branching fractions:
B(B~ — D37~ )(B(D3° — D**7~) + B(D3° — D*n ™))

h= B(B- — DY7n—)B(DY — D*tn~)

= 0.77 £ 0.15.
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FIG. 10: Distributions of the helicity angle of D**(cos#), helicity angle of D*(cos o) and azimuthal angle v in four different ¢

regions. The points are the experimental data, the histogram is MC simulation with fitted parameters, the hatched histogram
shows the background contribution (from the AE sideband).
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The obtained value is lower than that of the CLEO measurement (although the measurements are consistent within
errors) but is still a factor of two larger than the factorization result [19]. From our measurement it is impossible to
determine whether the non-factorized part for tensor and axial mesons is large, or whether higher order corrections to
the leading factorized terms should be taken into account. According to Ref. [L&], the observed value of R corresponds
to a value of the sub-leading Isgur-Wise function 7; = 0.401912 GeV.

For semileptonic decays, where there is no non-factorized contribution, the corresponding ratio is 0.5 + 0.6 [12],
which, within experimental errors, is consistent with both our measurement and the model prediction. More accurate
measurements of semileptonic modes containing D** mesons may help resolve this problem.

Our measurements show that the narrow resonances comprise (36 & 6) % of Drm decays and (63 +6) % of D*nr
decays. This result is inconsistent with the QCD sum rule [2(] that predicts the dominance of the narrow states in
B — D™ grr decays. It is also possible that in B~ — D**O7~ decays the color suppressed amplitude is comparable
to the tree amplitude, so that other transition form factors play a role. The ratio of the production rates for narrow
and broad D states in semileptonic B — D) 7lv decays measured at LEP [12] also indicates an excess of the broad
states. More accurate measurements of both semileptonic decays and other charged states of the D™ 77 system may

resolve this discrepancy.

CONCLUSION

We have performed a study of charged B — DTr~ 7~ and B — D**n~ 7~ decays. The total branching fractions
have been measured to be B(B~ — DTr~n~) = (1.02 4 0.04 £ 0.15) x 1073 and B(B~ — D*Tn 7n7) = (1.25 &+
0.08 +0.22) x 1073. For the former decay this is the first measurement.

A study of the dynamics of these three-body decays is reported. The Dt7~ 7~ final state is well described by the
production of Diw~ and D§m~ followed by D** — Dmx. From a Dalitz plot analysis we obtain the mass, width and

product of the branching fractions for the D3°:

Mp.o = (2461.6 £ 2.1+ 0.5+ 3.3) MeV/c?, Tp.o = (45.6 £ 4.4 £ 6.5 £ 1.6) MeV,

BB~ — Dy’ ) x B(D3* — DYr7) = (34+0.34+0.64+0.4) x 107%,
In this mode we also observe production of a broad scalar Dj meson with mass and width:
Mpzo = (2308 £17 £ 15 + 28) MeV/c?, Ppso = (276 £21 £ 18+ 60) MeV.
The product of the branching fractions for the D state is
B(B~ — D7) x B(Di® — D7) = (6.14+0.6 £0.94 1.6) x 107%,
and the relative phase of the scalar and tensor amplitudes is:
¢pzo = —2.37+0.11 £0.08 £ 0.10.

This is the first observation of the Dg.
The D*rr final state is described by the production of Diw, Dim and Dy7 with D** — D*r. From a coherent

amplitude analysis we obtain the mass, width and product of the branching fractions for the D;:

Mpy = (24214 £ 1.5 £0.4£0.8) MeV/c?, Tpp = (23.7£2.7+0.2£4.0) MeV,



B(B~ — Din") x B(D; — D*"7n7) = (6.8 £0.74+ 1.3+ 0.3) x 1074,
and measure the product of the branching fractions for the tensor meson process:
B(B™ — D% ) x B(D3® — D*t77) = (1.8 £ 0.3+ 0.3+ 0.2) x 1074,
and the relative phase of the tensor meson to the axial vector DY:
¢pzo = —0.57+0.14+0.06 £ 0.13.

We observe the broad D] resonance with mass and width:

Mpyo = (2427 + 26 + 20 + 15) MeV /¢*, T'ppo = (3847797 + 24 £ 70) MeV.

The product of the branching fractions is:
B(B~ — DPn7)x B(DY — D*"r7) = (5.04+04+1.0+0.4) x 1074
and the relative phase of D/’ to DY is:
¢p; =1.68£0.20 £0.07 £ 0.16.
Our analysis also indicates that the axial vector states mix. The mixing angle is
w = —0.10£0.03 £ 0.02 £ 0.02,
and the phase is

1 = 0.05 £ 0.20 £ 0.04 £ 0.06.
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