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We report on the first observations of B® — D1(2430)°w, B° — D;(2420)°w and B° —
D3(2460)°w decays. The B° — D*Tp(1450)~ decay is also observed. The branching fraction
measurements are based on (771.6 & 10.6) x 10° BB events collected at the Y(4S) resonance
with the Belle detector at the KEKB asymmetric-energy e™e™ collider. The fractions of longi-
tudinal polarization of the D** states as well as partial wave fractions of the D1(2430)° are ob-
tained. We also set a 90% confidence level upper limit for the product of branching fractions of
B(B° — D**b1(1235)7) x B(b1(1235)" — wr ™). The measurements show evidence of nontrivial
final-state interaction phases for the p-meson-like amplitudes.

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

I. INTRODUCTION

L = 1 (P-wave) state. Four such states are expected

Orbitally excited states of the D meson (D** states)
provide a good opportunity to test Heavy Quark Ef-
fective Theory (HQET) [1] and QCD sum rule predic-
tions [2]. The simplest system counsists of a charm quark
and a light antiquark in an orbital angular momentum

with spin-parities JE = 0% (j = 1/2), 1t (j = 1/2),
1T (j = 3/2) and 2% (j = 3/2), where j is the sum
of the light quark spin and angular momentum L. All
these states have been discovered [3]. They are Df(2400),
D1(2430), D1(2420) and D3(2460). The conservation of

parity and angular momentum in strong interactions im-



poses constraints on the decays of D** states to D*)x.
The j = 1/2 states are predicted to decay mainly through
an S-wave: D§(2400) — Dr and D;(2430) — D*x. The
j = 3/2 states are expected to decay mainly through a D-
wave: D1(2420) — D*m and D3(2460) — D7 and D*.
The j = 1/2 states with L = 1 are expected and proven to
be broad (hundreds of MeV/c?), while the j = 3/2 states
are expected and proven to be narrow (tens of MeV/c?).
The BaBar [4] and LHCD [5] collaborations have discov-
ered other excited D mesons interpreted as nL = 25 and
nL = 1D states as well as a possible superposition of
several nL = 1F states, where n is the radial quantum
number.

Since HQET is violated, the physical D** state with
JP =17 can contain admixtures of the states with j =
1/2 and j = 3/2 [6].

A similar spectroscopy exists for the D,y states [3].
However, the observed masses for the D},(2317) and
D,1(2460) resonances with j = 1/2 are significantly
smaller than predicted [7]. The D;1(2536) and D1 (2460)
states with J© = 17 can mix with each other. This effect
is observed in an angular analysis of the Dg;(2536)T —
D*T K decay [8].

Precise knowledge of the properties of the D** states is
important to reduce uncertainties in the measurements of
the semileptonic decays and thus in the determination of
the Cabibbo-Kobayashi-Maskawa matrix elements |V
and |Vub| [9]

The D** mesons have been observed in both semilep-
tonic [10] and hadronic B decays [11-14]. The recent
LHCb study [14] shows the first observation of the B% —
D3%(2760) "7~ decay as well. The dynamic properties of
D** production are determined by the Wilson operator
product expansion [15]. In color-favored B® — D*** 7~
decays [11], dominance of the narrow D** states over
the broad ones is observed. A study of B~ — D**0x~
decays [12] with the color-favored and color-suppressed
possibilities shows approximately equal production of the
broad and narrow D** mesons. It can be explained by a
significant suppression of the narrow states in the color-
suppressed channel. Calculations based on HQET and
quark models [16] predict such suppression.

In this paper, we perform an amplitude analysis of the
B° — D*twr~ decay to measure the decay fractions
to D** states produced via the color-suppressed channel
(Fig. 1a) and to study the D** properties.

This decay is sensitive not only to the vector D;(2430)°
and D1(2420)° states but also to the tensor Dj(2460)°
state. Although the B decay to Dj(2460)°w is prohib-
ited under the naive factorization hypothesis, it can nev-
ertheless be produced via final-state interactions (FSI)
and/or non-factorizable contributions. In soft-collinear
effective theory (SCET), color-suppressed decays to the
D3(2460)° state can receive a factorizable contribution at
the leading order in A/mp [17]. This mechanism leads to
the equality of branching fractions and strong phases in
the decays B — D3(2460)°M and B® — D;(2420)°M,
where M is a light meson. Possible deviations from this

equality can be attributed to subleading effects [17]. A
discussion of D** production in hadronic B decays can
be found in Ref. [18].

The color-favored mode of the studied decay (Fig. 1b)
is saturated by light wm resonances. Hadronic weak cur-
rents can be classified as either first- or second-class, [19]
depending on the combination of spin J and the P- and
G-parities of the wm system. In the Standard Model,
first-class currents (FCC) have JP¢ =0+ 0= 1t~ or
17" and are expected to dominate. Second-class currents
(SCC) have JP¢ =0+~ ,0=+,1** or 17~ and are asso-
ciated with a decay constant proportional to the mass
difference between the up and down quarks. Thus, they
are expected to vanish in the limit of perfect isospin sym-
metry. The decay B® — D*twnr™ is expected to proceed
predominantly through the FCC, mediated by p-meson-
like resonances, such as off-shell p(770)~ and p(1450)~.
In contrast, the SCC may be mediated by b;(1235)".
SCC searches have been performed extensively in nuclear
B decays [20] and 7 decays [21], with no evidence found.

The structure of the p-meson-like states is not yet com-
pletely clear. The p(1450) has a mass consistent with
that of a radial 25 excitation [22] but its decays show
characteristics of hybrids [23] and suggest that this state
may be a 25-hybrid mixture [24]. The observation of the
p(1450) in B-meson decays and the study of its interfer-
ence with the p(770) would lead to a better understand-
ing of the properties of the p-meson-like states.

Another aim of this study is a test of the factorization
hypothesis in the D** production region. The factoriza-
tion hypothesis, widely used in heavy-quark physics for
hadronic two-body decays, assumes that two hadronic
currents may be treated independently of each other, ne-
glecting FSI. The factorization can be tested by examin-
ing the polarization in B-meson decays into two vector
mesons. The idea is that, under the factorization, certain
hadronic decays are analogous to similar semileptonic de-
cays evaluated at a fixed value of the momentum transfer,
q®> = M7 [25]. Based on the polarization measurements
of the decays B® — D*%w [26] and B — ¢K* [27], we
can conclude that non-factorizable QCD effects are es-
sential in color-suppressed decays. The significant trans-
verse polarizations measured in these decays may arise
from the existence of effects from non-trivial long dis-
tance contributions, as predicted by SCET studies [28].
The polarizations of similar decays B° — D;(2430)%w,
B° — D;(2420)% and B® — D3(2460)%w are measured
in our study.

The studied decay has been first observed by the
CLEO [29] and BaBar [30] collaborations, the latter find-
ing an enhancement in the D*7 mass broadly distributed
around 2.5 GeV/c?.

II. EXPERIMENT AND DETECTOR

This study uses a data sample containing 771.6 & 10.6
million BB events collected at the T(4S) resonance
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Figure 1: (color online). (a) Color-suppressed and (b) color-favored tree diagrams for the production of D** and wm states in

B® — D*Twn ™ decays, respectively.

with the Belle detector at the KEKB asymmetric-energy
ete™ collider [31]. The Belle detector, which is a large-
solid-angle magnetic spectrometer based on a 1.5 T su-
perconducting solenoid magnet, consists of several sub-
detectors.

Charged particle tracking is provided by a 4-layer sil-
icon vertex detector (SVD) and a 50-layer central drift
chamber (CDC). The charged particle acceptance covers
laboratory polar angles between § = 17° and 150°, cor-
responding to about 92% of the total solid angle in the
ete” center-of-mass (c.m.) frame.

Charged hadron identification is provided by the ion-
ization energy-loss dE /dx measurements in the CDC, an
array of aerogel threshold Cherenkov counters (ACC),
and a barrel-like arrangement of time-of-flight scin-
tillation counters (TOF). The information from these
three sub-detectors is combined to form likelihood ratios
(PID), which are then used for pion, kaon and proton
discrimination. An electromagnetic calorimeter (ECL),
comprised of 8736 CsI(T1) crystals and covering the same
solid angle as the charged particle tracking system, serves
for the detection of electrons and photons. Electron iden-
tification is based on a combination of dF/dx measure-
ments in the CDC, the response of the ACC and energy-
to-momentum ratio of an ECL shower with a track as
well as a transverse shape of this shower. An iron flux-
return located outside of the coil (KLM) is instrumented
to detect K9 mesons and to identify muons. The detector
is described in detail elsewhere [32].

The EvtGen event generator, [33] with PHOTOS [34]
for radiative corrections and a GEANT-based Monte
Carlo (MC) simulation [35] to model the response of the
detector and determine the acceptance, are used in this
analysis. The MC simulation includes run-dependent de-
tector performance and background conditions.

III. EVENT SELECTION

Candidate B — D*Twr™ events as well as charge-
conjugate combinations are selected. The D** candi-
dates are reconstructed in the D** — D%t mode.
The DY candidates are selected using the D° — K7+
mode. Other D° decay modes, which lead to signifi-

cantly smaller signal-to-noise ratios, are not used in this
analysis. The w candidates are reconstructed in the
w — 777~ 7% mode.

Charged tracks are selected with a set of track quality
requirements based on the average hit residuals and im-
pact parameters to the interaction point. To reduce the
low momentum combinatorial background, we also re-
quire that the track momentum transverse to the beam
direction be greater than 100 MeV /¢ for all tracks except
for the slow pion candidate in the D** — D%zt decay,
for which we apply a looser cut of 50 MeV/c.

A PID requirement is applied for kaon candidates but
not for pion candidates. The kaon identification efficiency
is about 90% and the pion misidentification rate is less
then 10%. All tracks that are positively identified as
electrons are rejected.

Photons are identified as ECL clusters that are not as-
sociated with charged tracks and have a minimum energy
of 70 MeV in both the barrel and endcap regions.

DP candidates are reconstructed from K~ 7t combi-
nations with an invariant mass within 15 MeV/c? of the
nominal DY mass [3]. This window corresponds to ap-
proximately £3 times the mass resolution. D*T candi-
dates are selected by combining D° candidates with an
additional track, assumed to be a 7+. The mass differ-
ence mpy, — mpo is required to be within 2 MeV/c? of
its nominal value; the resolution of this quantity is about
0.5 MeV/c?.

Neutral pion candidates are formed from photon pairs
that have an invariant mass within 11.25 MeV/c? of the
nominal 7% mass, which corresponds to about £2.5 times
the reconstructed mass resolution. To reduce the combi-
natorial background, the total energy of the photons is
required to be greater than 250 MeV.

The w candidates are formed from a pair of oppositely-
charged tracks, assumed to be a 7#t7~ pair, and a 7°.
The invariant mass of the 77~ 7% combinations is re-
quired to be within 73.5 MeV/c? of the nominal w mass.
This very loose cut retains sideband candidates for back-
ground estimation. The instrumental resolution on the
w candidates is about 7.3 MeV/c?.

To reduce the number of false w candidates formed
from random combinations of pions, we impose an ad-
ditional requirement in the w Dalitz plane, motivated



by the w decay dynamics and spin-parity in the B° —
D*Twr™ decay [36]. We define two orthogonal coordi-
nates X = 37p/Q —1and Y = 3(T —T_)/Q, where
T4 o are the kinetic energies of the pions in the w rest
frame and QQ = Tp +T_ 4+ T is the energy release in the
w decay. Further we define a variable r properly scaled
to the kinematic limit as

VX2+Y? 1

re Y (1)
where 7}, is the distance from (0, 0) to the boundary in the
direction of (X,Y). Since the Dalitz plot density peaks
at » = 0 for the w signal, we impose the requirement
r < 0.75. This requirement eliminates about 41% of the
background while retaining about 84% of the signal. In
Fig. 2 we show the simulated (X,Y") Dalitz plane of the
w signal events and the restriction on r variable.
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Figure 2: (color online). Simulated (X,Y") Dalitz distribution
of the w signal events. The curve bounds the area selected for
further study.

B candidates are reconstructed by combining a D*T
candidate, an w candidate, and an additional negatively
charged track. All B candidates are identified using
two kinematic variables: the energy difference AE =

Ip;|?c? + mict — Ef. . and the beam-constrained
mass Mye = /B2, /c* — >, pi|?/c?, where the sum-
mation is over all particles forming the B candidate, p;
and m; are their three-momenta and masses, respectively,
and £ is the beam energy. All quantities are defined
in the eTe™ c.m. frame. We select events with a tight cut
on My, of 5.2725GeV/c? < My < 5.2845GeV/c?, cor-
responding to about +2 times the mass resolution, and a
loose cut on AF of |AE| < 0.22 GeV. To suppress possi-
ble continuum events (e*e™ — qg, where ¢ = u,d, s, ¢),
we limit the angle between the thrust of the B can-

didate and that of the rest of the event by requiring
| cos Otnrust| < 0.8 [37].

In this study, we perform an amplitude analysis that
accounts for the kinematic properties of the decay ma-
trix element. The matrix element should be symmetrized
relative to the exchange of two identical particles in the
final state (two m~ mesons in our decay mode [38]) ac-
cording to the identity principle. Such symmetrization
leads to an interference term in the squared matrix ele-
ment. This term consists of two w decay amplitudes with
different 7+ 7~ 7% combinations in the D** 7+ 7~ 7%~ fi-
nal state. Since the w is a relatively narrow resonance,
the interference term is essential only in the overlapping
region of the 77~ 7° invariant masses, which is of the
order of the w width. To correctly describe the angu-
lar distributions in this interference region, the internal
degrees of freedom of the w decay should be taken into
account [36]. However, due to lack of statistics, which
prevents a full analysis in such a case, we exclude this
interference region without significant loss of statistical
power.

In order to reduce smearing from detector resolution,
a simultaneous fit constraining the vy, K-+, D™
and D*twn~ invariant masses to match the known 70,
DY, D** and B° masses, respectively, is performed. The
at7~ 70 invariant mass is not constrained to the w mass
in the fit because of the non-negligible width of the w
meson.

There are events for which two or more candidates pass
all the selection criteria. According to MC simulation,
this occurs primarily because of the mis-reconstruction
of one of the pions from the w — 77~ 7" decay. To en-
sure that no B decay is counted more than once, a best-
candidate selection is performed based on a x2 defined as
the sum of three terms. The first determines the devia-
tion of the 70 invariant mass from its nominal value, the
second represents the deviation of My, from the nominal
B° mass and the third uses the distribution of the differ-
ence between the z coordinate at the interaction point of
the track corresponding to the primary pion (7~) from
the B signal decay and the average z coordinate for the
tracks corresponding to the decay products (K~ and 7)
from the D° meson decay. We retain only the z coordi-
nate information because B mesons are boosted along
z and the vertex resolution is worse in that direction.
We omit the w candidate mass in this procedure in or-
der to avoid any bias in the w mass distribution since
this distribution is used extensively for the background
description.

The signal sample is composed of two components —
correctly reconstructed (CR) and self cross-feed (SCF) —
that are distinguished by whether or not the kinematic
variables of the D*twn~ decay are well reconstructed.
MC simulation shows that the SCF component predom-
inantly occurs due to the combinatorial background for
the w. To define the CR and SCF components, we use
the following x? describing the deviation of the recon-
structed momenta of the final particle system (rec) from



the generated momenta (gen):
3 (i) y2
Z Z xk gen Ly, rcc) (2)

(xk gcn)

where xg )2 5= (pW, 0 o)) are the spherical momen-

tum coordinates of the i-th particle in the final state,
o(x,(;)) is the corresponding detector resolution, and the
summation is over all tracks and 7° forming the B candi-
date. We choose to define the CR (SCF) component by
the condition x? < C (x? > C). The value of C' = 300 is
determined by examining the shapes of the distributions
of the difference between the reconstructed and gener-
ated kinematic variables. Variations of the value of C
are considered as a source of systematic uncertainty.

Figure 3 shows the distribution of the selected events in
the (AE, M (7T m~ 7)) plane, where we define the follow-
ing four regions to distinguish between signal and back-
ground:

0.15 [

o
072 074 076 078 08 082 084 086
M (T T0) (GeV/cd)

Figure 3: Distribution of AE versus M (77~ 7°) for the se-
lected B® — D*Twr™ candidates. The signal Region (I) and
sideband Regions (II, IIT and IV) are shown. A clear correla-
tion between the variables is seen in Region I.

I - |AE| < 34MeV;

|M(r 7 7%) —my,| < 21.25 MeV/c?,
II — 66MeV < |AE| < 198 MeV;

|M (7t 7~ 7%) — my,| < 21.25 MeV/c?,
I — |AE| < 34MeV;

|M(rT77%) —my,| € [34;68 MeV/c?,
IV — 66MeV < |AE| < 198 MeV;

|M (7t 7~ 7%) — my,| € [34;68 MeV/c?.

Here m,, is the nominal w mass. Region I is the signal
region while the others are sideband regions. A clear

correlation between the AE and M (n+n~ %) variables
is seen in Region I due to the experimental resolution.
The signal window for the w invariant mass corresponds
to 2.5 times the world-average w width of 8.5 MeV /c?.

Figure 4 shows the M (r*7~7°) distributions in the
AF signal and sideband regions defined above. The curve
corresponds to the sum of a Voigtian function (the convo-
lution of a Breit-Wigner function with a Gaussian func-
tion) and a linear background function. The w mass,
the Gaussian resolution o, and the parameters of the
linear function are free in the fit but the Breit-Wigner
width is fixed to the world-average decay width of the
w [3]. The difference between the number of observed
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Figure 4: M(n~ 7" x°) distribution of the B® — D*Twr™
candidates in the AFE signal region (points with error bars)
and sideband (hatched histogram). The sideband distribu-
tion is normalized to the size of the AFE signal region. The
M(7T+7T77T0) signal region and sideband are indicated by the
vertical lines. The curve is the result of the fit described in
the text.

events away from the M (7" 7~ 7°) peak and the number
of events predicted from the AFE sideband is explained by
the AFE peaking background component, corresponding
to B — D*trtr~ 7107~ decays.

IV. TOTAL BRANCHING FRACTION

The signal yield is obtained from a binned x2 fit to
the AFE distribution using a function describing the CR
and SCF components together with a smooth combinato-
rial background. Since the B® — D*trtn— 797~ events
observed in Fig. 3 produce a peak in AF, the fit is per-
formed separately in the M (r*7~7") signal and side-
band regions defined above on the (AE, M(ntr~ 7))
plane. MC simulation shows that these events have the



same shape as the CR component. In the fit, the CR
component is described by a double-Gaussian function
with distinct means and widths, the SCF component
is described by the sum of a Gaussian function and a
second-order polynomial, and the combinatorial back-
ground is described by another second-order polynomial.
The means, widths and relative normalizations of the CR
and SCF functions are fixed to the values obtained from
the signal MC simulation, while the signal normaliza-
tion and the parameters of the polynomial background
function are treated as free parameters. The differences
between MC and data values for the fixed parameters in
the fit are found to be within MC statistical errors. The
fit results are shown in Fig. 5 in both the M (7 +7~70)
signal and sideband regions. The fitted signal yield is
found to be 919 + 37 for the M (77~ 7") signal region
and 157 4+ 21 for the sideband region. The final yield
Ng = 821 + 39 is computed as the difference between
these two yields, taking into account the ratio of 5/8 be-
tween the widths of the M (777~ 7%) signal and sideband
regions.

The fraction of neutral B mesons decaying to the stud-
ied final state is expressed as

N,
= e, 3)
ESTINBBSCC

where eg = (2.11 £ 0.02)% is the detection efficiency
determined from a MC simulation that uses a Dalitz
plot distribution generated according to the signal model
described below, n = 0.941 + 0.029 is the efficiency
correction factor that accounts for the difference be-
tween data and MC and obtained from the momentum-
dependent corrections for the 7% and slow pion from
the D* decay and the PID corrections for the kaon,
Np = (771.6 £10.6) x 10° is the total number of neutral
B mesons in the data [39] and Bsee = (2.32 + 0.04)% is
the product of the secondary branching fractions. Using
Eq. (3), we obtain

B = (2.31+0.11 (stat.) & 0.14 (syst.)) x 107,

which is consistent with the CLEO value [29] within 1.2¢
and the BaBar value [30] within 1.50. The total system-
atic error of 6.1% summarized in Table I arises from the
following sources:

e An uncertainty of 1.3% due to the choice of the
signal window for the M (77~ 7") invariant mass
is estimated by reducing the size of the window
from 21.25 to 12.75 MeV/c?. The reduced window
corresponds to 1.5 times the world average w width.

e An uncertainty of 0.9% related to the definition
of the SCF and CR components is estimated by
changing the requirement on the x? defined in
Eq. (2) to C =200 or C' = 400.

e An uncertainty of 2.2% related to the AFE shape
description is estimated by varying the shape pa-
rameters fixed from MC simulation in accordance
with their MC statistical errors.

Table I: Sources of relative systematic error in the branching
fraction measurement.

Source Error (%)
Signal yield, Ng

—M (7™ 7°) signal region 1.3
—Definition of SCF and CR components 0.9
—AFE signal shape 2.2
—AFE background shape 1.3
Signal efficiency, es

—Track reconstruction efficiency 3.9
—7® reconstruction efficiency 2.3
—XKaon identification efficiency 0.9
— B0 signal decay model 1.1
—MC statistics 0.8
Number of neutral B mesons, Np 1.4
Secondary branching fractions, Bsec 1.7
Quadratic sum 6.1

e An uncertainty of 1.3% due to the background de-
scription in the AFE shape is estimated by adding
higher-order polynomial terms or keeping a linear
term only.

e A dominant uncertainty of 3.9% is assigned to the
total reconstruction efficiency of all charged tracks
in the decay. For a single track, this uncertainty de-
pends on the transverse momentum pp of the track
[40]. For low momentum tracks (with pr < 200
MeV/c), it is estimated using the decays BY —
D*~rt and Bt — D*Ozt; for high momentum
tracks, a study of the tracking efficiency is based on
partially reconstructed D*t — DO(K%nt7r—)r™
decays. The total tracking error is the linear sum of
the errors corresponding to the individual tracks.

e An uncertainty of 2.3% in the reconstruction ef-
ficiency of neutral pions is estimated using the
7~ — 7~ 7%, branching fraction and events where
the other 7 decay is tagged [41].

e An uncertainty of 0.9% in the efficiency of the kaon
particle identification requirement is obtained using
a control sample of D*t — DY(K~7t)rT decays
[42].

e An uncertainty of 1.1% is assigned due to the model
dependence of the signal reconstruction efficiency.
The signal model with the best description of the
data is constructed in Sections V.B and V.C in the
frame of the amplitude analysis. The model pa-
rameters obtained from the fit in Section V.C have
statistical uncertainties. These are propagated as
a systematic uncertainty on the signal efficiency,
taking into account the full covariance matrix.

e A binomial uncertainty of 0.8% due to the limited
Monte Carlo sample size arises in the efficiency cal-
culation.
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Figure 6: (color online). Kinematics of a B® - D*Twr™ decay mediated by an wr™ intermediate resonance. The diagram
in (a) defines two polar angles &1 and 1 and one azimuthal angle 1. The diagram in (b) defines one polar angle 61 and one
azimuthal angle ¢1. The direction n. in (b) corresponds to the vector normal to the w decay plane.

e An uncertainty of 1.4% in the number of B mesons e An uncertainty of 1.7% is associated with the mea-
is estimated from Ref. [43]. sured branching fractions of the D*, D and w [3].



V. AMPLITUDE ANALYSIS

To study the resonant structure of the B® — D*Twr~
decay, we perform an amplitude analysis. Using an un-
binned likelihood method, we simultaneously fit the data
in the six-dimensional phase space according to Ref. [36].

We define two sets of kinematic variables: [M?(w),
cosfy, ¢1, cos P, P1 and cosé] and [M?(D*7), cos By,
@2, cos P2, 1o and cos &), corresponding to the wm and
D** productions (color-favored and -suppressed diagrams
of Fig. 1), respectively.

The masses M(wm) and M(D*m) are the invariant
masses of the wm and D*m combinations. The angular
variables, [cosfy, ¢1, cosBi, 1 and cos&;], describing
wm production, are defined in Fig. 6. The polar and az-
imuthal angles, 6; and ¢, defined in the w rest frame,
are the angle between the normal n,, to the w decay plane
and the wr direction, and the angle between the B-decay
plane and the plane formed by the n,, and wn directions,
respectively. The polar and azimuthal angles, 8, and v,
defined in the D* rest frame, are the angle between the D
and the wr flight directions, and the angle between the
B- and D*-decay planes, respectively. The polar angle
& is the angle between the D* and w flight directions in
the wm rest frame.

The angular variables, 65 and ¢2 as well as Sz and 19,
describing the D** production, are defined in the same
manner as angles for the wm production but with the
D*r flight direction instead of the wmw. The polar angle
&y corresponds to the angle & but in the D*7 rest frame.
The cos&; variable is related to M?(D*m) whereas the
cos & is related to M2 (wm).

Each set of variables (denoted below with the six-
dimensional vector &) fully defines the kinematics of the
decay chain, either in the color-favored or the color-
suppressed channel [36]. The probability density func-
tion (PDF) in the signal region, which is the sum of sig-
nal and background components, is constructed in such a
way that the kinematic dependence of the efficiency can
be omitted in the minimization [12]:

PDF(Z,d) = @
Ns + D2 Nbkg j

|M(Z, )|

* (@)

+Z”bkngj—(f) , (4)

- €bkg j
P gJ

where the sum is over the background components esti-
mated in the sideband Regions II, IIT and IV (see Fig. 3),
and the efficiencies €; and epig ; correspond to average sig-
nal and background efficiencies, respectively, in the signal
Region I integrated over the phase space. In Eq. (4), @ is
the vector of parameters determined from the unbinned
likelihood fit; ng is the expected number of the signal
events in the signal Region I distributed according to
the matrix element squared | M (Z,@)|?; €(Z) is the recon-
struction efficiency for the BY — D*Twr~ CR events in
Region I depending on the decay kinematics and slowly

varying within the scale of resolution of the observables;
and npke; is the expected number of background events
in the signal Region I distributed according to the func-
tion B;(Z). We neglect the convolution with the resolu-
tion function in Eq. (4) due to the small invariant mass
resolutions (4 MeV/c? for wm and 3 MeV/c? for D**) in
comparison with the resonance widths (more than 150
MeV/c? for the p-meson-like resonance and more than
25 MeV/c? for the D** states).

An unbinned likelihood fit to the B® — D*twr—
phase space is performed to minimize the negative log-
likelihood function £(@):

L(d@) = — > InPDF +

events
(s + 22 Tbkaj — Mot)?
2(ngot + ngg)

, ()

where nyq is the total number of events in the signal Re-
gion I and oy is the uncertainty of the total number of
background events } _; npig ;. The second term in Eq. (5)
takes into account our knowledge of the background con-
tribution in the signal region.

The function £(@) does not incorporate the interfer-
ence between the D*4rm peaking background and the
D*wm signal. This effect is expected to be small (see
Section V.E).

A. Background description

The background components of Eq. (4) can be
addressed using the (AE,M(ntn~ 7)) scatter plot
(Fig. 3). The combinatorial background with misre-
constructed w candidates saturates Region IV. The
BY — D*Trtr~n%~ events without w in the intermedi-
ate state can be found in Region III. The combinatorial
background with a correctly reconstructed w falls into
Region II. In addition, the SCF events lie in all regions.

We determine the six-dimensional shapes of the
background PDFs B;(#) by performing an unbinned-
likelihood fit in the sideband regions. For details, see
Appendix A.

The projections on the M?(wr) and M?(D*m) vari-
ables and the corresponding background fits are shown
in Fig. 7. The result of the unbinned-likelihood fit in
Region IV determining the function Bry(Z) is shown in
Figs. 7 (a) and (b). Figures 7 (¢) and (d) correspond to
Region ITI. The backgrounds in this region are described
by the function Bi(Z) plus a contribution components
described by Bryv(#). In a similar way, Region II in-
cludes the background components described by By (Z)
and Bri(Z); these components are shown in Figs. 7 (e)
and (f).

The M?(wr) and M?(D*r) distributions of the back-
ground in the signal Region I are shown in Fig. 8. These
distributions are the sum of the SCF distribution in Re-
gion I obtained from the MC study and the distributions
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describing the backgrounds defined above. The latter dis-
tributions are the differences between the By (Z), B (%)
and Bry(Z) distributions and the SCF distributions in
Regions II, TII and IV, respectively. Figure 8 illustrates
the dominant contribution due to the combinatorial back-
ground with a misreconstructed w. The D**rta =77~
component estimated from Region I1I is also significant in
Region I. The combinatorial background with a correctly
reconstructed w and SCF component obtained from the
MC study have lower fractions but are also included in
the description.

B. Signal description

The description of the D*Twn™ signal events in phase
space is based on the study of Ref. [36]. Since charge con-
jugation is taken into account, the total matrix element
is calculated as:

]\/[:ﬂ]\4+_|_ﬂ]\477 (6)

2 2
where Q = +1 (—1) for B® (B°) decays and M_ differs
from M by the sign of the P-violating terms. Following
the isobar model formulation [44] with quasi-two-body
resonant amplitudes, the matrix element M is given by:

My = ZaRewRMRi, (7)
R

where ar and ¢g are relative amplitudes and phases of
the intermediate resonances and R is an index number-
ing all the wm and D** resonances. The full description
of the resonant matrix elements Mg 4+ can be found in
Appendix B. The parameterization of the form factors
used in the matrix elements Mg is presented in Ap-
pendix C. The fraction fr of the total three-body signal
attributed to a particular quasi-two-body intermediate
state is defined as

_ [ aplMr o (@)]?p(@)di
[1M(Z)2p(&)dZE

fr (8)

where p(Z) is the phase space density of events deter-
mined from the kinematic conditions of the decay [36].
The sum of the fit fractions for all components is not
necessarily unity because of interference effects.

The fraction fﬁ of resonance R produced in partial
wave L is determined as

where M 1%1 is the matrix element describing the produc-
tion of resonance R in partial wave L and the sum ), fk&
is unity by definition.

The observable determined from the amplitude anal-
ysis is the longitudinal polarization Pgr of resonance R.

11

This variable is calculated as

_ | Hol?
|Hol? + [Hy[? + [H-|*’

Pr (10)

where Hy, H; and H_ represent three complex helic-
ity amplitudes which can be expressed via invariant and
partial wave form factors (see Appendix C).

C. Fitting the B® — D*"wn ™ signal

Figure 9 shows the two-dimensional Dalitz distribu-
tions in signal Region I and sideband Regions II, IIT and
IV. There are 1129 events in the signal region that satisfy
all the selection criteria.

To describe all the features of the Dalitz plot, we
use the following set of resonances: off-shell p(770)~,
p(1450)~, D1(2430)°, D1(2420)° and D3(2460)°. A
CLEO analysis [29] showed the dominance of the
p(1450)~ resonance in this final state. In a BaBar study
[30], a D*m enhancement was observed that was inter-
preted as a D;(2430)° signal. Our data require ad-
ditional resonances. We take into account an off-shell
p(770)~ contribution, as suggested by the ete™ — wn®
data [45]. To improve the description, we also include
the amplitudes of the narrow resonances D1(2420)° and
D3(2460)°. When both resonances are simultaneously
included in the matrix element rather than just one
of them, the statistical significance of the signal, given
by /2(Lr — Lo), where Lr (L) is the negative log-
likelihood value with the signal from the resonance R
fixed at zero (with the nominal signal yield), increases
very significantly (> 50 effect). We also include in the
fit a SCC contribution with the b1(1235)~ resonance.
This contribution has a significance below 3.0c and we
obtain an upper limit for the fraction of the SCC in
B° — D*twr~ decays. To determine the upper limit,
we generate pseudoexperiments (see Section V.D).

The results of the fit are summarized in Table II. To-
gether with the individual decay fractions fr, we show
the FCC fraction f,4,, which represents the decay frac-
tion of the coherent sum of the p(770)~ and p(1450)~
states.

We also show the partial wave fractions describing
the p(1450)~ and D** production in the specific par-
tial waves and the longitudinal polarizations of these res-
onances. We see that the p(1450)~ state is produced
dominantly via S wave, but that D;(2430)° produc-
tion requires approximately equal fractions of all par-
tial waves. The partial wave fractions of the D;(2420)°
and D3(2460)Y are not statistically significant. In our
analysis, the longitudinal polarization and partial wave
fractions of the p(1450)~ are fixed in part from the re-
quirement on the relative normalizations of the helicity
amplitudes, Ry, Ry and p? (see Appendix C), and can be
relaxed in the fit due to the free mass and width of the
p(1450)~. Large longitudinal polarizations of the D**
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Table II: Summary of the fit results to the D*Twn™ candidates in the signal region. Each column of results corresponds to a
different signal model. The notations p’ = p(1450), D7 = D1(2430), D1 = D1(2420) and D3 = D5(2460) are used. Quoted
uncertainty is statistical only. AL = £ — Lo, where £ defined in Eq. (5) corresponds to the signal model for which this variable
is calculated and Lo is the negative log-likelihood function calculated for the signal model with p, p’, D1, D1 and D3 resonances.

Contribution Parameter 0,0 0,0 0,0 0,0 p,p b1
D D}, D, D}, Ds D', Dy, Dj D', Dy, Dj
p(770)" D** Resonance phase 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed) 0 (fixed)
Resonance fraction, % 65.7 £ 10.2 65.2 £ 11.7 61.6 £11.9 64.2 £10.7 60.6 £12.1
p(1450)~ D** Resonance phase 2.63+£0.11 2.55+0.11 2.62+0.11 2.56 £0.12 2.54+0.11
Resonance coupling 0.1870:02 0.1870:02 0.2015:0% 0.18%5:0 0.1979:0%
Mass, l\/IeV/c2 1549 £ 22 1546 + 23 1543 £ 23 1544 £ 22 1540 £ 22
Width, MeV /c? 303739 30531 316729 30372} 30239
R 1.40 (fixed) 1.40 (fixed) 1.40 (fixed) 1.40 (fixed) 1.40 (fixed)
Ry 0.87 (fixed) 0.87 (fixed) 0.87 (fixed) 0.87 (fixed) 0.87 (fixed)
0> 0.79 (fixed) 0.79 (fixed) 0.79 (fixed) 0.79 (fixed) 0.79 (fixed)
Resonance fraction, % 46.7170, 445150, 50.4719°9 46.315, 47.5193
S-wave fraction, % 76.9742 75.3%47 76.7143 751154 75.3+%-9
P-wave fraction, % 12.0 £ 0.7 128 £1.1 12.2+£0.9 12.9£0.9 12.7+£ 0.8
D-wave fraction, % 11.0£04 11.8 £0.6 11.0£0.6 11.9+£0.5 11.8+ 0.6
¢+ phase 0.66 £0.33 0.86 £0.30 0.67 £0.37 0.87£0.29 0.85 £0.31
¢— phase -0.14+0.1v -0.02+£0.15 —-0.15+£0.19 —-0.02+0.13 —0.02£0.15
Long. polarization, % 66.4 £ 0.6 66.5 £ 0.6 66.5 £ 0.6 66.5 £ 0.6 66.6 + 0.6
FCC fraction, % 79.1£2.5 826 +24 79.0+24 822+2.2 81.6 £2.3
D1(2430)°w Resonance phase 0.91 £0.26 1.03 £ 0.28 1.11 +£0.29 1.24 +£0.28 1.27 £ 0.35
S-wave phase 0.26 £0.20 0.19 £ 0.23 0.14 +£0.23 —0.05 £ 0.25 —0.09 £ 0.26
P-wave phase 2.711+£0.21 2.41+£0.27 2.56 £0.24 2.24£0.29 2.23 £0.32
Resonance fraction, % 13.6 £ 2.1 11.2+ 1.8 12.6 £ 1.8 10.8 £ 1.8 11.6 £2.0
S-wave fraction, % 29.7 £ 8.6 33.6+£9.5 35.8+10.1 38.9+£10.8 38.9+£10.5
P-wave fraction, % 370+ 8.6 341+£9.2 34.0+8.9 33.1+£9.5 29.1£9.1
D-wave fraction, % 33.5 8.8 326 +9.2 30.5+£9.2 28.3+8.9 322492
Long. polarization, % 60.9 £ 8.2 63.4 £8.9 63.0 £8.2 63.0+£9.1 67.6 £9.2
D1(2420)°w Resonance phase 1.92 +£0.34 2.124+0.34 2.16 £ 0.42
S-wave phase —0.06 +0.34 —0.07+0.43 —0.10 +0.43
P-wave phase 0.04 +0.41 —0.25 +0.46 —0.24 +0.49
Resonance fraction, % 3.7+1.1 2.9+0.8 2.8+0.8
S-wave fraction, % 35.6 £13.2 34.0+134 35.8£13.0
P-wave fraction, % 36.6 £11.8 31.2+114 30.3 £ 11.0
D-wave fraction, % 279+ 11.0 34.9+134 34.0£13.1
Long. polarization, % 60.2 £12.0 67.1£11.7 67.4 £16.1
D3(2460)°w Resonance phase 1.69 £ 0.57 2.31 £0.50 2.39+£0.42
P-wave phase —0.67+0.54 —0.77+0.62 —0.84 + 0.52
D-wave phase —-1.10+0.71 —1.85£0.59 —1.96 + 0.58
Resonance fraction, % 2.1+0.7 1.8+0.6 1.8+ 0.6
P-wave fraction, % 34.3 £16.6 29.5+16.9 30.0 £16.7
D-wave fraction, % 45.7+ 174 40.2 +17.7 38.24+17.3
F-wave fraction, % 19.4 +£15.8 29.4 +19.3 31.1 £19.2
Long. polarization, % 74.1+16.5 76.07 553 74.7+16.1
b1(1235)~ D*+ Resonance phase 0.52 £0.42
Resonance fraction, % < 3.1(90%C.L.)
AL +33.3 +12.9 +16.4 0 —24
Variation, o 8.2 5.1 5.7 0 2.2
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Figure 8: (a) M?(wr) and (b) M?(D*r) distributions of the background components in the signal region. The histograms are

stacked on top of each other.

states indicate violation of the factorization hypothesis
but the statistical uncertainties are large.

The final-state interaction phases ¢ and ¢_ defined
in Appendix C are taken into account in the description
of the p-meson-like states. The fit gives a nontrivial value
for the ¢4 phase.

One must also consider the statistical errors on the fit
fractions, partial wave fractions and longitudinal polar-
izations. These errors are determined with a pseudoex-
periment technique (see Section V.D).

The masses and widths of all resonances except for
the p(1450) are fixed at their PDG values [3]. Our mea-
surements for the p(1450) shape parameters do not con-
tradict previous experimental observations [3], although
they differ slightly from the CLEO results [29]. This sit-
uation is expected because the broad p-meson-like states
overlap strongly with each other and the Breit-Wigner
description is not accurate.

Mixing between the D1(2430)° and D1 (2420)° states is
expected to be small and is therefore neglected. If we take
into account the mixing effect, the mixing angles defined
in Appendix C are found to be w = —0.03 4= 0.02 (stat.)
and ¢ = —0.27 £0.75 (stat.). Within errors, these angles
are consistent with the previous Belle measurement [12].

Figures 10 and 11 show the distributions of the kine-
matic variables related to the wm and D*7 systems, re-
spectively, for the D*Twn™ candidates in the signal re-
gion. The results of the fit with the nominal model are
superimposed. All plots demonstrate a reasonable de-
scription of the data by the fit. A more detailed com-
parison is shown in Figs. 12 and 13 for regions enriched
(cos& > —0.4) and depleted (] cosf] < 0.5) with D**
mesons.

To ensure that our fit results correspond to the global
minimum, we repeat the signal fit 1000 times with ran-
domly selected starting values for the fit parameters.
None of these fits have better likelihoods than those
presented above. For the nominal fit, two local min-
ima are found. One of them, which is 3.3¢ away from
the global minimum, corresponds to a very large de-
cay fraction for the p(1450), f,(1450) = (157.3 £ 23.1)%,
in comparison with the decay fraction for the off-shell
p(770), forro) = (87.5 & 13.1)%, and a relative phase
®p(1450) = —2.52 £ 0.05. This result is inconsistent with
the ete™ data [45]. For the other one, all the fit pa-
rameters coincide with the values presented in Table IT
within their statistical errors with the exception of the
relative phases in the D;(2430)° description: the S- and
D-wave phases are shifted by 7/2, whereas the P-wave
phase remains unchanged. Since this second local mini-
mum is more than 3.50 away from the global minimum,
it is not considered as a second possible solution for the
final results.

D. Statistical uncertainties

The statistical uncertainties on the fractions of the dif-
ferent intermediate states as well as the upper limit for
the b1(1235) fraction are determined with using a fre-
quency method. Another objective of this procedure is to
estimate how well the nominal signal model describes the
data. Assuming adequate agreement between the data
and the nominal signal model, we generate 1000 statis-
tically independent samples, which are a proper mixture
of signal and background events distributed according to
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Figure 9: Dalitz distributions of the D**wn ™ candidates in (a) signal Region I, (b) sideband Region II, (c) sideband Region

I1T and (d) sideband Region IV.

the PDF of Eq. (4). All the major characteristics such as
the reconstruction efficiency and statistics are taken into
account. The numbers of signal and background events
for each pseudoexperiment are generated according to
distributions by statistics.

We fit the obtained MC samples and determine the
fractions of quasi-two-body channels for each sample.
The distributions of these fractions are then fit with
a Gaussian G(x; u,0) or bifurcated Gaussian (Gaussian
with different standard deviation values o1 and o9 on left
and right side of the mean value u) G(z;u,01,02). The
standard deviations, o or o; and o9, are considered as
the statistical errors for the fractions of the correspond-

ing submode. The 90% confidence level upper limit for
the b1(1235)~ contribution is obtained directly from the
distribution of the b1(1235)~ decay fractions in the pseu-
doexperiments.

To measure the goodness of the fit, we utilize two
different approaches. The first operates with a mixed
sample [46] combining the experimental data sample and
pseudoexperiments with ten times higher statistics than
in the experiment. This method allows one to estimate
the consistency of the nominal signal model and data in
the multi-dimensional amplitude analysis with the small
data sample when the x? method with binning in the
multi-dimensional phase space is not valid. Following
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the algorithm described in detail in Ref. [46], we conclude ~ wm (or D*m) production, we consider 10 x 10 = 100 two-
that our nominal model and the data are consistent at dimensional bins and compute

49% confidence level. 100

2 (Nﬁti _]Vobsi)2
For the second technique, we define two x? variables Xjk = Z Nobsi : (11)
i=1

calculated in the wm and D*n bases, respectively. For
each pair of kinematic variables j and k describing the In Eq. (11), Ngt, is the expected number of events in bin
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i based on the PDF of Eq. (4) and Noyps; is the number of
observed events in that bin. Then we obtain the total x?
as the sum of xi i over all possible pairs of variables j and
k. In 90% (78%) of the pseudoexperiments this x?2, cal-
culated with the wr (D*r) variables, has a value smaller
than in the data, indicating an acceptable fit quality.

E. Systematic uncertainties

Two types of uncertainties are considered besides the
statistical errors. These are systematic and model uncer-
tainties.

The systematic uncertainty comes from the back-
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and p(1450) together (red dashed), D1(2430)°

ground description and the efficiency of the selection re-
quirements. To estimate the uncertainty in the param-
eterization of the distribution of background events, we
use two alternative parameterizations. The first is deter-
mined in terms of the D** production variables instead

p(1450) (red), p(770)

(blue), D3(2460)° (magenta) and background (hatched).

of the wm basis used in the nominal fit. In the second, we
use alternative background functions: a sum of Legendre
polynomials instead of a sum of exponential functions
used in the nominal fit and alternative correlation func-
tions. The full parameterization for the nominal back-
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represent the results of the fit (black), including the following components: p(770) (cyan),
(blue), D3 (2460)°

together (red dashed), D1(2430)° (green), D1(2420)°

ground fit is presented in Appendix A. The uncertainty
related to the efficiency of the definition of the selection
requirements is dominated by the variation of the signal
region in the (AE, M (77~ 7)) plane. To estimate this
uncertainty, we modify the signal region shape from the

The histograms
p(1450) (red), p(770) and p(1450)
(magenta) and background (hatched).

rectangle to an ellipse, taking into account the correla-
tion between AE and M (rTw~x"). This modification
increases the signal-to-background ratio by a factor of
about 1.5. The contributions to the uncertainty from the
background description and the reconstruction efficiency



are added in quadrature to obtain the overall systematic
uncertainty.

The uncertainties in the parameterization of the sig-
nal matrix element determine the model error. There
are three sets of such uncertainties. The first is related
to the number of contributions to the matrix element.
We include an additional non-significant b1(1235)~ am-
plitude described in Appendix B and then try several
fits: first, we modify the b;(1235)~ model by removing
the D-wave contribution to the decay b1(1235)” — wn—;
then we consider the relative helicity phases ¢4 as free
parameters during the fit, independent of the values of
the helicity phases defined in the p(770) and p(1450) am-
plitudes. The model error due to the b;(1235) contri-
bution is assigned as the maximum difference between
the values obtained from these fits and the nominal one.
Furthermore, we include in the signal model the contribu-
tions from p(1700)~, off-shell D resonances and S-wave
non-resonant amplitudes. All of them are non-significant.
The second set of errors arises due to the assumption of
the signal shape. We take into account the mixing effect
between the D;(2430)° and D;(2420)° states. Moreover,
we modify the transition form factors in the matrix ele-
ment: we substitute the effective form factor A(q?), de-
scribing the p(770)” — wn™ transition for the P-wave
Blatt-Weisskopf factor Bp(q?) (see Appendix B) and we
modify the shape of the Isgur-Wise function h(w) de-
scribing the production of the p-meson-like states (see
Appendix C). For the latter, we apply the parameteriza-
tion that corresponds to the requirements of analyticity
and is used in the BaBar B° — D*te~ 7, analysis [47].
The third set of errors is related to the model param-
eters that are fixed in the fit. We vary the mass and
the width of each resonance (except the p(1450)) within
their known PDG uncertainties [3]. We also vary the
parameters R, , Ry and p? of the invariant form factors
describing the p-meson-like amplitudes (see Appendix C)
within their uncertainties obtained by the BaBar collab-
oration [47]. Moreover, we vary the parameter r = 1.6
(GeV/c)~! used in the Blatt-Weisskopf factors and the
form factor A(q?) (see Appendix B) in the range from
0.8 to 2.5 (GeV/e)~L.

The total model error is obtained by adding all model
errors in quadrature. The sources of systematic and dom-
inant model uncertainties that affect the results of the
amplitude analysis are summarized in Table III.

To account for the systematic and model uncertainties
in the upper limit of the b1(1235)~, we determine the
b1(1235)~ contribution with all above described sources
of errors (including the b1(1235) mass and width vari-
ation) and use the largest value to evaluate the upper
limit. The main effect is due to the removal of the D
wave in the b;(1235)” — wr™ decay.

An additional effect appears due to the interference be-
tween D*Trt7n~n%7~ background events and D*Twr~
signal events. Figure 8 (a) shows that most of the D*4rw
events lie in the range M (471) < 2GeV/c?. The investi-
gation of eTe™ annihilation into a 47 system [48] at these
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energies as well as the study of the resonant structure in
the decay 7 — 377%, [49] demonstrate the dominance
of the a1(1260)r and wm intermediate states. We as-
sume that our D*4m background is also dominated by
a1(1260)7 production. In such a case, the interference
with the wm system should be negligible.

VI. DISCUSSION AND CONCLUSION

_ This analysis is devoted to the study of the three-body
BY% = D*twr~ decay. We obtain the total branching
fraction

B = (2.31£0.11 (stat.) & 0.14 (syst.)) x 1072,

consistent within errors with the CLEO [29] and BaBar
[30] measurements but with a slightly smaller central
value.

A full amplitude analysis of the final state has been
performed. A summary of the results with systematic
and model uncertainties on parameters and statistical
significances of resonant contributions is presented in Ta-
ble IV. This is the first consistent study of the p(770) and
p(1450) states in B-meson decays. Large signals corre-
spond to the off-shell p(770)~ meson and p(1450)~ res-
onance with significances of 10.5¢0 and 15.00 calculated
from the negative log-likelihood values and taking into
account systematic effects. However, model uncertainties
are of about 40%. There is no accurate description yet
of the shape of the p(1450) resonance. This leads to an
ambiguity in discriminating the p-meson-like states and
to large model errors in the definition of their resonance
branching fractions. Nevertheless, the coherent contribu-
tion of these resonances is determined with smaller model
uncertainties. The statistical significance of this fraction
is 29.80. This combined decay fraction gives a dominant
contribution to the total branching fraction.

We also measure the relative coupling and the rela-
tive phase between the p-meson-like states. Neglecting
final state interactions for p-meson-like production, we
can compare this production with the ete™ SND data
[45]. In the SND analysis [45] as well as in our analysis,
a small change of the resonance shape leads to signifi-
cant shifts in the fitted resonance parameters. However,
within the isotopic invariance and CVC fitted p-meson-
like resonance parameters are compatible to those ob-
served in processes proceeding through a virtual photon
in ete™ collisions [45, 50].

The phase difference between the p(770)~ and
p(1450)~ amplitudes is observed to be close to 7 as pre-
dicted in Ref. [51]. In the frame of our signal model,
we measure the p(1450)~ mass and width. Our mea-
surements also show evidence for nontrivial final-state
interaction phases in the helicity amplitudes of the p-
meson-like states, off-shell p(770)~ and p(1450)~, with a
significance of 3.30. Such effect is observed within the
validity of the factorization at relatively low ¢*. We re-
strict the description of these resonances by the require-
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Table III: Summary of systematic and dominant model uncertainties in the parameters of amplitude analysis.

Contribution Parameter Systematic Dominant model
uncertainties uncertainties
Background Signal A(g?) r Mixing
description region form factor parameter effect
p(770)” D* Resonance fraction, % ol +4.9 +6.1 oo -0.9
p(1450)~ D** Resonance phase oo +0.07 +0.24 o 0.00
Resonance coupling +0.01 —0.02 +0.08 o +0.01
Mass, MeV/c? +1 +11 —-17 o 0
Width, MeV /c? i +3 +69 iy +2
Resonance fraction, % +1.9 —4.4 +9.9 s +0.7
¢+ phase +0.05 +0.07 +0.06 +0.06 0.00
¢— phase —0.02 +0.02 +0.05 +0.03 —0.01
FCC fraction, % —0.2 3.6 +0.3 B —0.5
D1(2430)°w Resonance phase —0.07 +0.18 —0.29 o +0.03
S-wave phase +0.04 —0.26 +0.04 e ~0.05
P-wave phase ood —0.26 +0.13 ooe —0.04
Resonance fraction, % +0.1 +2.7 -0.4 ir(l)é +1.3
S-wave fraction, % i 40.9 ~0.3 ~1.0 +1.2
P-wave fraction, % T2 +2.1 -0.3 Mt +0.8
D-wave fraction, % -0.8 +3.0 +0.5 e -2.1
Long. polarization, % s —4.4 +0.4 +os -1.8
D1(2420)°w Resonance phase +o.08 -+0.08 —0.23 o +0.05
S-wave phase o +0.09 +0.11 oo +0.04
P-wave phase +0.07 —0.37 -+0.02 004 -+0.03
Resonance fraction, % +0.2 +0.4 -0.2 At +0.5
Long. polarization, % -3.7 -2.0 -0.9 +2.0 -2.8
D3(2460)%w Resonance phase +0.03 —0.12 —0.24 +0.30 +0.03
P-wave phase +0.02 —0.10 40.04 BT —0.04
D-wave phase ool —-0.37 +0.08 +0.07 —0.08
Resonance fraction, % Y 0.0 0.0 oo +0.1
Long. polarization, % e +2.0 +1.5 s -1.5

ment that the helicity phases ¢, and ¢_ in the am-
plitude of the off-shell p(770)~ are equal to the corre-
sponding phases in the amplitude of the p(1450)~. Sim-
ilar phases were measured by the CLEO collaboration in
B — D*p — D*rr decays [52]. Our results as well as
those of CLEO show that ¢4 > ¢_, although statistical
uncertainties are large.

In addition to the p-meson-like states, the b;(1235)~
resonance could be produced as a possible intermedi-
ate state in the color-favored channel. Such a contri-
bution is generated by SCC and is expected to van-
ish in the limit of perfect isospin symmetry. Our mea-
surements do not require any SCC contribution and an
upper limit for the product of branching fractions of
B(B° — D**5,(1235)7) x B(b1(1235)~ — wn~) has
been obtained. This result is the first search for SCC
in B-meson decays.

Color-suppressed decays B® — D;(2430)°w and B® —
D1(2420)°w are observed in our study with significances
of 8.60 and 5.50, taking into account systematic effects.
The measurements show the relative dominance of the
broad D1(2430)° production in comparison with the nar-

row D1(2420)°. Heavy quark symmetry predicts the ab-
sence of D;(2420)° signal in the limit Agcp/me — 0
[16], where Agep is the QCD scale and m. is the mass
of the ¢ quark. The production of the D;(2420)° state
can be explained by finite corrections of order Agcp/m.
in the D;(2420)° production. Moreover, the dominance
of broad resonances in the color-suppressed channel can
result in comparable production of the broad and narrow
states in the B~ — D**97~ decays [12].

The non-factorizable B® — D3(2460)°w decay has
been observed with a statistical significance of 5.00. In
SCET theory [17], the equality of branching fractions
and strong phases in the decays B® — Dj(2460)°M and
B — D(2420)°M, where M = m,p, K or M = K* with
longitudinal polarization, is predicted. Our result with
M = w also does not contradict this prediction. How-
ever, our errors on the resonance branching fractions and
phases are large.

In our analysis, we obtain the partial wave fractions for
the intermediate resonances. For the p-meson-like states,
we fix the relative normalizations R;, R, and parameter
p? in the helicity amplitudes at values obtained from the
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Table IV: Summary of the final results of the B® — D**wr~ amplitude analysis. The first error is statistical, the second is
systematic and the third is the model error. The statistical significance, taking into account systematic effects, is given by
2(AL), where AL is the difference between the negative log-likelihood values with the signal from resonance fixed at zero

and the nominal signal yield.

Contribution Parameter Value Significance
Total branching fraction, 10~° 2.31+0.11+0.14
FCC branching fraction, 1073 1.90 4+ 0.1175- 151592 29.80
SCC branching fraction, 10™* < 0.7 (90% C.L.)
p(770)” D*t Resonance phase 0 (fixed)
Resonance coupling 1 (fixed)
Resonance branching fraction, 1072 1.48 £ 0.2715 051021 10.50
p(1450)~ D** Resonance phase 2.56 +0.1270 57 7077
Resonance coupl21ng 0.1875:02 fg;g%{%%g
Mass, MeV /c 1544 + 227" Ty
Width, MeV /c? 3031358
Resonance branching fraction, 1073 1071048 ;gggig:ég 15.00
¢+ phase 0.87 +£0.297 7 £ 0.06
¢— phase —0.02 +£0.13 £0.02 £ 0.05
D1(2430)°w Resonance phase 1.24 +0.2875-59¥0-39
S-wave phase —0.05 £0.2515:95 1002
P-wave phase 2.24 4+ 0.2970 534013
Resonance branching fraction, 10~* 2.5 +£0.4707164 8.60
S-wave fraction, % 38.9+ 108753112
P-wave fraction, % 33.1+£9.5T22430
D-wave fraction, % 28.3 £8.9739+32
Long. polarization, % 63.0+9.1+4.6735
0 F0.ITF0.33
D, (2420)"w Resonance phase 212£0.3475 03 0>
S-wave phase —0.07 £0.4315:9910-12
P-wave phase —0.25 +0.461597 4+ 0.04
Resonance branching fraction, 10™* 0.7+0.2705 +0.1 5.50
Long. polarization, % 67.1 £11.7795+23
D3(2460)°w Resonance phase 2.31 £0.5070%5 +£0.11
P-wave phase —0.77 £0.627 5921092
D-wave phase —1.85 £ 0.5975:9: 1099
Resonance branching fraction, 107* 04401739 +0.1 5.00

Long. polarization, %

76.07 %% £2.0127

semileptonic B — D*lv analysis [47]. These normaliza-
tions determine the relative partial wave fractions with
the dominant S-wave production (see Table IT). Another
effect takes place for the D;(2430)° resonance: all par-
tial waves — S, P and D waves — have close probabil-
ities of about 30%. A similar tendency is observed in
the D1(2420)° and D}(2460)° production. However, the
statistical accuracy is not sufficient to obtain significant
numerical values (see Table II).

We also measure for the first time the longitudinal po-
larization of the w in case of D** production. The re-
sults have large errors, but they imply non-trivial non-
factorizable QCD effects in the color-suppressed chan-
nel [55] and can be compared with the measurement of
the polarization in the decay B — D*%w [26], Pp+ =
(66.5 + 5.0)%. All these polarization results, except for
the D3(2460)°, show significant deviations from unity.
The D3;(2460)° result should be considered separately

because this tensor state is generated only due to non-
factorizable contributions.
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APPENDIX A

In this section, we present the procedure of the back-
ground description in the (AE, M (77~ 7)) plane.

To describe the combinatorial background without real
w events, we use Region IV, which includes a SCF com-
ponent. In this region, a negative log-likelihood function
to be minimized is given by

Biy (@, T)e(Z)
EIV Zl (ECRBIV(a ))7

av)

(A1)

where the sum | (1vy 1s over the events in Region IV, the

sum Y g is calculated over BY — D*Twr™ CR events,
which are uniformly generated over the phase space and
then reconstructed in Region I with the above-described

FL(M2(wr),cos 1) = (VB3 | cpesVBeosi) (1 — cos ;e + ¢ /AL + cos 1)),
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selection procedure, and €(Z) is the reconstruction effi-
ciency for the B® — D**wr~ CR events in Region L.
After the estimation of Bry, the minimization proce-
dure is performed for events in Region III. In addition
to the events described by the function Bry, this region
includes B® — D*tnt7~ 707~ events without w in the
intermediate state and another SCF component. The
negative log-likelihood function in Region III is:

X St Niv Brv(d
LIH(b) = — Z In < 111 IVIV IV(CL,I) n

(2)
o Stv Nt Y ocg Biv (@, Z)

S Niv\ Bui(b, @)e(@)
<1 Srv NIII> S or B(b, ))7 (4.2)

where Siip (SI\/) is the size of Region III (IV), Nin (NI\/)
is the number of events in Region IIT (IV), the sum gy
is over the events in Region III and the sum ) . is
calculated over CR events. The vector @ in the function
By is obtained from Region IV and fixed in Region III.
The vector b is free in Region III.

A similar procedure is performed in Region II. In addi-
tion to the events described by the function Bry, Region
IT includes the combinatorial background with a real w
and another SCF component. The shape function By
describes these events together with the additional SCF
as in to Region III. The minimization function L11(¢) is
similar to L (g)

Functions By, Bir and Bry describe specific back-
ground components defined above and SCF events in Re-
gions II, IIT and IV. All these background contributions
are present in signal Region I. However, the signal re-
gion also includes additional SCF in comparison with the
SCF level obtained from the sideband regions. This ad-
ditional SCF component is determined in MC simulation
that shows the same phase space distribution in & for
all SCF events in each region of the (AE, M (n 7~ 70))
plane. We can repeat a fit in any of the sideband Regions
g = 1II, III or IV, taking into account this contribution,
and thus obtain more precisely the function B;, which
now describes this SCF and is used in further in the sig-
nal fit. We choose Region II with the function Biy.

We use the following empirical parameterization to de-
scribe the distribution of background events:

B;(%) = F1(M?(wT), cos &1 ) Fa(cos 61) x

F3(¢1)Fy(cos B1) Fs (1), (A.3)

where the function Fy (M?(wm),cos &) describes the cor-
relation between the M?(wr) and cos&; variables:

(A.4)



and the functions F(cos6y), F5(¢1), Fa(cosBr1), Fs(1)
describe one-dimensional projections of the other vari-
ables:

Fy(cos ) — e 0501 4 ggeeocost
F3(¢1) =1+ cosin®(¢1),

Fa(cos B1) = e 0581 4 ¢y, e0rs cosBr

F5(¢1) =1+ crasin®(¢y). (A.5)

Here, ¢; are free parameters, A = M?(wr) — Mg(wm) and
the lower boundary Mg (wm) = 0.7 (GeV /c?)? differs from
the kinematic limit (m,, + m,)? because the w invariant
mass is not constrained to its nominal value.

APPENDIX B

In this section, we present all resonant amplitudes
used in the fit. The notations p?> = M?*(rTa~70),
where 777~ 7% is the w decay product system, and
q? = M?(wn¥) (¢ = M%(D**x7)) for the p-meson-like
(D**) production in the B°(B?) — D**wnT decay, are
used. The magnitudes of the three-momenta of the w de-
cay product system and D** in the wrT and D**rF
rest frames are denoted as ps, and pp«, respectively.
The magnitude of the w three-momentum in the wnr™
rest frame when M (rT7~7") is equal to the w nomi-
nal mass is denoted as p,. The magnitude of the w
(D**) three-momentum in the wr™ (D**77F) rest frame,
when M (wr) (M (D**77)) is equal to the nominal mass
of the p-meson-like (D**) resonance and M (77~ 70) is
equal to the w nominal mass, is denoted as po ., (po,p+)-
The Blatt-Weisskopf penetration factors Br(p) [56] used
in the resonant matrix element description are defined
for L =S, P, D and F partial waves as

Bs(p) - 15

[1+4 23
Bp(p) = 1+x87

(23 —3)%2 + 923
Bol) =\ g vaa

— 15)2 4+ 9(212 — 5)?
—15)2 + 9(22% — 5)2’

23 (22
B = 90 B.1
where x = rp, 19 = rpg, 7 = 1.6 (GeV/c)~! is the hadron
radius and p and pg are the magnitudes of the daughter
particle three-momenta in the mother particle rest frame

for the case when the resonance invariant mass squared is
equal to ¢2 and the nominal mass squared, respectively.

B%(B%) — D**p(770)T — D**wrT

Since the off-shell p(770)T has J = 17, the pair D**
and wnT can be produced in three partial waves: S, P
and D. S and D waves violate C- and P- parities and
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have the additional phase 7/2 in comparison with a P
wave. The w and #F pair is produced in a P wave via
the strong decay p(770)F — wnT.

The resonance matrix element M,+ describing the
p(770)F contribution in the B°(B%) — D**wrT decay
is

\/ p37r p37r
M, =
g Dp(q )

ifs(q®)Asp £ Z'fD(qz)ADP> ;

(fP( 2)App
(B.2)

where A(ps,) is the effective form factor describing the
pT — wrT transition, fs(q?), fr(¢?) and fp(q?) are the
partial wave form factors obtained in Appendix C, Agp,
App and App are the angular dependencies shown in
Table V that correspond to the definite partial waves in
the BY(B®) — D**p(770)F and p(770)F — wrT decays,
and D,(g?) is the Breit-Wigner (BW) denominator, de-
scribing the p(770)F shape:
Dp(‘f) =q¢ - mi + imPFP(q2)' (B.3)

Here, m, is the p(770)F mass and T',(¢?
dependent width.

The form factor A(ps) restricts an overly rapid growth
of the matrix element of the decay p¥ — wnT with ps,
and is chosen as [57]

) is the ¢*-

1
Alpsr) = ———. B.4
) = T B4
The width I',(¢?) for events with ¢ > (my,+m.)?, where

my is the mass of the charged pion, is parameterized as
[57]

m, k3
\/_k:
(B.5)

Here, gupor is a coupling constant, which is equal to
16 (GeV/c?)~1 [58], k, is the magnitude of the momen-
tum of the 7F in the pT — 7779 decay computed in the
p(770)F rest frame, ko . is the same magnitude, when
V@& = m, = (775 £ 1)MeV/c?, and T, = (149 +
1) MeV/c? is the p(770)F width [3]. The first term in
Eq. (B.5) corresponds to the dominant p(770)F decay
mode to the 777 system and the second term describes
the wpr interaction. For events with ¢® < (my, + mx)?,
we use I',(¢%) =T,.

The magnitude and phase, corresponding to this reso-
nant amplitude, are fixed at values 1 and 0, respectively.
The free parameters are the relative helicity phases ¢+
in the form factors fs(¢?), fr(¢*) and fp(q?).

B%(B°) — D**p(1450)F — D**wrn¥

2 A2 2
Bp(k )1_\ + gwpw (pw) \/q_pz

127 mp

Fp(‘f) =

The resonant matrix element corresponding to the
p(1450)F intermediate state has a form similar to
Eq. (B.2) except for the form factor A(ps-) and the width



Table V: Angular dependencies corresponding to the wm™
quantum numbers J¥ = 17. L, (L2) is the relative orbital
angular momentum between the D** and wr® (w and 7).
The notations ¢, = cos @ and s, = sin « are used. The angles
0, ¢, B, ¥, € correspond to the wrT angular basis.

L1 L2 ALl Lo

S P —S595pCpS¢ + S9CHpSBSy — SeSpSBCyCe
P P 505¢5854Ce + S59ChS53Cy

D P 25054CBS¢ + S9C4535y — S055SBCYCe

I',(g%). Since the p(1450)7 is on-shell, we use the Blatt-
Weisskopf form factor Bp(psr) instead of A(psr) [57]
The width T'(1450)(¢*) for events with ¢* > (my, 4+ my)?
is parameterized as [57]
1450) k3 L' p(1450
T 1450 (4%) = \(/—2 ) N —~Bp (kx )% +
Ve 2 r,
pw 1450
S BR(p.) LS, (B.6)
M p(1450) Po w

where k, is the same as in Eq. (B.5) but computed in
the p(1450)F rest frame and ko . is calculated as k. but
with \/q_2 = My(1450)- The first term in Eq. (B.6) corre-
sponds to the p(1450)F — 7770 decay while the second
describes the p(1450)F — wnT decay. We assume that
the p(1450)F resonance decays to these final states with
equal probabilities. For events with ¢® < (my, + mx)?,
we use T'p(1450)(¢%) = Tp(1450)-

We assume that the relative helicity phases ¢4 for the
p(1450)F production are the same as for the off-shell
p(770)F. This assumption does not contradict the com-
mon description of the matrix element because of the
validity of the factorization hypothesis. Since the typi-
cal values of ¢? are close to each other for the p(770)F
and p(1450)F, we can neglect the difference between the
appropriate FSI helicity phases for these resonances.

The free parameters for the p(1450)F amplitude ob-
tained from the fit are the relative magnitude and phase,
the mass and width of the p(1450)F, and the helicity
phases ¢, which are the same as in the p(770)F ampli-
tude.

B%(B%) — D**b,(1235)T — D**fwrT

The b (1235)F resonance has quantum numbers J =
1*. As such, its wave function has an additional phase
/2. The resonant matrix element is written as

My, + = ﬁ [mfl Bs(p3x) ( + fp(¢*)Aps +
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ifs(¢*) Ass + ifD(q2>ADS> _
apse'®?S Py (p3r)Bp (par) X

( + fp(¢*)App +ifs(¢®)Asp +

ifp(ff)ADD) ] : (B.7)

where Dy, (¢?) is the BW denominator defined in
Eq. (B.3) and describing the b1(1235)F shape, aps and
¢ps are the parameters describing the admixture of S
and D waves in the amplitude of the b;(1235)F decay
and Pj(psr) is the momentum factor corresponding to
the D wave in the by(1235)F decay. This factor can be
defined for the intermediate resonance with arbitrary in-
teger spin J as

V23,

PJ(p3ﬂ-) = . (B8)
VPi. + 07+ TP
The form factors fs(q?), fp(¢?) and fp(q?) are deter-

mined in Appendix C, and Ags, Aps, Aps, Asp, App
and App are the angular dependencies defined in Ta-
ble VI that correspond to the wnt quantum numbers
JE=17T.

The parameters aps and ¢pg are fixed at the values
measured by the Brookhaven E852 collaboration. There,
the amplitude ratio was found to be |D/S| = 0.269 +
0.013 and the phase difference ¢ps = 0.18 £ 0.08 rad
[59]. To relate the parameter apg to the ratio |D/S]|,
the helicity amplitude M, ;, corresponding to the pos-
itive helicities of the b1(1235)F and the w in the decay
b1(1235)F — wnT, is written in terms of partial waves:

Mip = M{, +MP, = S/V3+D/V6,  (B.Y9)
where M¥ 7 and M + are the terms corresponding to the
S and D waves, respectively. To calculate these terms,
we denote the polarization four-vectors of the b1(1235)¢
and the w as ¢, and v, respectively. In such a case the
terms are written as

MY, = mg, a*v**“
Mer = —apse ¢DSP1(I)O ) + +*M7 (BlO)
where p?> = m?2 in Pi(pow). Taking into account that

efvt*H = —1, we have

4w b
DS = == o
V2 Pi(pow) |S]

and obtain apg = 5.2 + 0.3.
The width T, (¢2) for events with ¢ > (mg, +my)? is
parameterized via the b1(1235)F — wnT decay:

(B.11)

mbl pw

Ly, (q2) =



Table VI: Angular dependencies corresponding to the wr™
quantum numbers J¥ = 17. L, (L2) is the relative orbital
angular momentum between the D** and wr® (w and 7).
The notations ¢, = cos @ and s, = sin « are used. The angles
0, &, B, ¥, £ correspond to the wn angular basis.

L1 L2 ALl Lo

S S —cocpCe + S0CyCaSe — S6S6S8Syw+
+86CpSpCyCe + CoSECy Se

P S —C9SBSyY St + 505¢S3Cy — S6CHSFSYCe

D S 2cocace + 80CyCa5¢ — S65¢SBSy+
+50C4SaCyCe — 2C9SECy S¢

S D 2cocgce — 259cyCaSe — S0546535y+
+86CpSpCyCe + CoSECy Se

P D 2C0585ySe + S65458Cy — S9CySBSyCe

D D —4dcoegce — 259CyCpSe — 5954585y +

+89CySaCyCe — 2C0SBCy Se

mngg‘(pw) + 2Q2DSP12(pw)B%) (pw)
mgl + 20“%)Spl2(p0,w)

., (B.12)

where my, (1935 = (1230 + 3)MeV/c2, T, = (142 +
9)MeV/c? [3] and the factor 2 accounts for the normal-
ization of the D wave relative to the S wave. For events
with ¢2 < (my, +myz)?, we use Ty, (¢?) = Ty, .

Since the typical values of ¢2 for this resonant decay
is close to the values corresponding to the p(770)F and
p(1450)F amplitudes, we assume that the FSI helicity
phases ¢4 in this decay are the same as for the p(770)F
and p(1450)F contributions. The free parameters for this
contribution are the relative magnitude and phase.

B°(B°) — D;(2430)°(D4(2430)%)w — D**1Fw,
B%(B?) — D;(2420)°(D(2420)%)w — D**nFw

The notations D] and D; for the D;(2430)°
(D1(2430)°%) and D;(2420)° (D1(2420)°), respectively,
are used in this subsection.

The observable D} and D; states are not charge-
conjugation eigenstates but rather the admixtures be-
tween the pure states with JJP = 11/2 and JJP = 1;/2,
where the quantum number j is the total angular mo-
mentum of the u quark [6]. Mixing in the jj coupling
scheme is written as

_
DD1 (q2)

a3/261¢3/2 COS we_wM3/2i> )

Mp, + (al/Qei‘z’l/? sinwM; jo4 +
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1 .
ih1/2 M. _
ajy /g€ COS WiV /94
Dp, () ( / /

as/o e'3/2 gin we“"Mg/Qi) ,

Mp;+ =
(B.13)

where w and ¢ are the mixing angles, ay /2, a2, ¢1/2 and
¢3/2 are the relative magnitudes and phases between the
pure matrix elements M4+ and Mjz/o4, which corre-
spond to the JJP = 11/2 and JJP = 1;/2 quantum num-
bers, respectively.

The pure matrix elements M 5+ and M3/o are

Mo = imb, Bs(pp-)[xfr(a®)Aps +
ifs(q*)Ass +ifp(¢°) Aps],
—iPy(pp+)Bp(pp-)[+fp(¢*)App +
ifs(¢*)Asp +ifp(q*)App], (B.14)

where Py (pp-+) is defined in Eq. (B.8) with p* = m%,. and
the angular dependencies Agg, Aps, Aps, Asp, App
and App have the form shown in Table VI except for one
feature: the angular basis (6, ¢, 5, 1, £) describes here
the D** production. The transition form factors fs(q?),
fp(¢?) and fp(q?) are given in Appendix C. Since the
mixing effect is predicted and confirmed to be small, we
use in Eq. (B.14) the physical mass mp; instead of the
mass of the pure j = 1/2 state.

The ¢*-dependent widths T'p, (¢°) and T'p/ (¢*) of the
D, and Dj states are parameterized via their decays to
D**rF:

Ms /o4

mp: pD*
I'p(¢*) = \/q—;Bg(pD*)pO — I'pr,
mp PE(pp+) pp-
Fu(q?) =28 B3 (pp) A PD) PD p g5

\/q_2 PZ(po,p-) po,p
where P; (pp+) and P; (po,p+) are defined as in Eq. (B.14),
mp, = (2421 £ 1)MeV/c?, T'p, = (27 £ 3)MeV/c?,
mp; = (2427 £ 36) MeV/c? and Ip, = (384 &
117) MeV /c? are fixed [3].

The free parameters describing these resonant ampli-
tudes are the mixing angles w and ¢, the relative mag-
nitudes and phases ay/2, azj2, ¢1/2 and @3/, and the
relative normalizations and phases defined in the fg(q?),
fp(g?) and fp(q?) form factors.

B%(B°) — D3(2460)°(D%(2460)°)w — D**1Fw

The notation Dj for the Dj(2460)° (D3(2460)°) is used
in this subsection.

Since the Dj state has the quantum numbers J¥ = 2+,
the P and F waves describing its production violate P-
and C-parities, and thus have the additional phase 7/2
in comparison with the D wave. The resonant matrix
element is:

2
pp-Bp(pp~)
Mp;+ = DDD;(‘]Q) (fD(qz)ADDi



Table VII: Angular dependencies corresponding to the D**tn¥
quantum number JE = 2. L, (L2) is the relative orbital
angular momentum between the D**7¥ and w (D** and 7).
The notations ¢, = cos @ and s, = sin « are used. The angles
0, ¢, B, 1, € correspond to the D** angular basis.

Ly Lo AL, L,

P D CoSBSY St + S0CHSaSYCac — SOS$SBCYCe

D D 5054585y + 59ChSBCYCe

F D —3/2cpS8SySa¢c + S6CHSBSyCae — S9S$SBCYCe

ifp(q2)./4pp j:ifp(qQ)AFD) y (B.16)
where App, App and App are the angular dependencies
describing each partial wave and shown in Table VII, and
the transition form factors fp(¢?), fp(q?) and fr(q?) are
parameterized in Appendix C.

The ¢*-dependent width T'ps (¢°) is determined via de-
cays of the D} to D**7F and D*7F with the probabili-
ties of 40% and 60%:

2¢ ph-
5 mp; pgyD*
3 mps kD

5 \/_ k
where kp is the Di—meson momentum magnitude in the
D} — D*7F decay computed in the D} rest frame, ko p
is the same momentum when /¢2 = mp; = (2463 +
1) MeV/c?, and Ip; = (49 + 1) MeV/c? [3].

The free parameters, describing this tensor contribu-
tion, are an overall magnitude and phase as well as nor-
malizations and relative phases of the partial wave form
factors in the matrix element.

I'p;(q%) =

BQD(pD*)FD; +

—2-B}(kp)Tp;, (B.17)

APPENDIX C

In this section, we obtain full expressions of the partial
wave form factors used in the resonant matrix elements.
The symbols ps. p and pp« g are used in this section
for the magnitudes of the three-momenta of the w de-
cay product system and D** in the B meson rest frame,
respectively.

The partial wave form factors fs(q?), fp(¢?) and
fp(q?) describing the wmT resonance production in
Egs. (B.2) and (B.7) can be expressed in terms of three
helicity amplitudes (Ho(¢?) and Hy(g?)), which corre-
spond to three polarization states of the D** (one longi-
tudinal and two transverse), and two transverse helicity
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phases ¢+ defined relative to the longitudinal amplitude
Ho(q%):

/ H,(¢*)e"*+ + H_(¢*)e"*~ + Ho(q?)
\/_ b

/ Hi(g “"+—1%f_<qQ>eith

oy [@? He(d%) 61¢*+H7(q2)6“"* — 2Ho(q?)
) _\/; NG '
(C.1)

Here, the additional factors \/q2/2, \/¢?/3 and /q¢?/6

are introduced to take into account the g2-dependent ver-
tex of the wm production in the factorization assumption
and the relative normalization fractions of the angular
dependencies shown in Tables V and VI. The helicity
amplitudes Ho(q?) and H(g?) can be written in terms

of three invariant form factors A;(q?), A2(¢?) and V(¢?)
[1, 47):
m% —m%. —¢®)(mp +mp-
Ho(q2):_( B D q)( B D)A1(q2)+
2mp=+/q*
2p%,. pm?
boomh e
mp-\/q*(mp + mp-)
Hy(¢%) = — (mp +mp.)Ai(¢?) £
2pp+
PDLETE v (2), (C.2)
mp + mp=
The invariant form factors A;(¢?), A2(¢?) and V (¢?) de-

scribe the BY(B%) — D** transition and can be related
to the Isgur-Wise function h(w) (w is the invariant four-
velocity transfer) under the assumption of heavy quark
symmetry [1, 47]:

2 T+ mp-

A 2 — 1_ q >mB

1(q) < (mB+mD*)2 2 ,7mBmD* (U)),
+ mp-~

As(q?) = Ryl BTNy,

2(q%) QW (w)

V(g®) = leh(w), (C.3)

VM BMp=
where R; and Ry are the relative factors, and the Isgur-
Wise function h(w) can be parameterized as [1, 47]

h(w) =1 — p*(w — 1) (C4)

with
m% +m3. — ¢*

w="TBX"D Z & (C.5)

2mBmD*

The values Ri, Ry and p? used in our analysis were mea-
sured by the BaBar collaboration in the B® — D*Te~ 7,
decay [47]:

Ry = 1.40+0.06,



Ry = 0.87+0.04,

p> = 0.7940.06. (C.6)

The partial wave form factors fs(q?), fr(q¢?), fp(q?)
and fr(q?) describing the D** resonance production and
introduced in Egs. (B.14) and (B.16) contain the momen-
tum dependencies, corresponding to the definite angular
orbital momenta of the decay products in the B meson
rest frame. These dependencies can be explicitly ex-
tracted. The form factors for the D;(2430)° (D;(2430)°)
and D1 (2420)° (D;1(2420)°) production can be written as
[36]

fs(@?) = _%mng<q2)ews,
fold®) = %meBW,BBP(q%eW,
fo(@®) = 1P1(p37r,D**>BD(q2)v (C.7)

V6

where Rg and Rp (¢s and ¢p) are magnitudes (phases)
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of S- and P-wave amplitudes defined relative to D-wave
amplitude, P; (psx,p«=) is defined in Eq. (B.8) and psr, p==
is the three-momentum magnitude of the w decay prod-
uct defined in the D**7F rest frame. Similar expressions
can be written for the D3 (2460)° (D3(2460)°) production
[36]:

2
_ RpmppsrB

fr(d®) = %TD*BP((JQ)JW,
2
Rp MBP3, 3 ;
2 — 5 B 2 e’LgéD,
Ip(q”) NG 7771/:); p(q7)
P, D3m,D** )P3r,
et = PmLmb g oy
2

where Rp and Rp (¢p and ¢p) are magnitudes (phases)
of P- and D-wave amplitudes defined relative to F-wave
amplitude, Py(psr,p+~) is defined in Eq. (B.8) with J = 2
and mp; is the mass of the D3(2460)° (D3(2460)°) state.
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