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Production of even-parity charmed mesons in hadronic B decays is studied. Specifically, we focus on
the Cabibbo-allowed decays B — D**7r and D:*D™, where D** denotes generically a P-wave charmed
meson. While the measured color-allowed decays B — D***7r~ are consistent with the theoretical
expectation, the experimental observation of B~ — D**07~ for the broad D** states is astonishing as it
requires that the color-suppressed contribution dominates over the color-allowed one, even though the
former is 1/m,, suppressed in the heavy quark limit. In order to accommodate the data of B — D** 7™, it is
found that the real part of a,/a, has a sign opposite to that in B — D decays, where a; and a, are the
effective parameters for color-allowed and color-suppressed decay amplitudes, respectively. The decay
constants and form factors for D** and the Isgur-Wise functions 7, /,(w) and 73 /,(w) are extracted from
the data of B — D**7r decays. The Isgur-Wise functions calculated in the covariant light-front quark
model are in good agreement with experiment. The neutral modes B — D**%7° for D** = D}(2400),
D’ (2430), and B° — D/?(2430)w are predicted to have branching ratios of order 10~ which are also
supported by the isospin argument. The decay constants of D},(2317) and D/, (2460) are inferred from the
measurements of B — D**~D to be 58—86 MeV and 130-200 MeV, respectively. Contrary to the decay
constants f D; and f D which are similar in size, the large disparity between f D, and f D, is surprising and

unexpected.
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L. INTRODUCTION

The spectroscopy for the P-wave charmed mesons has
entered a new and exciting era since 2003. First of all,
BABAR [1] has discovered a new narrow and light reso-
nance D},(2317). The existence of a second narrow reso-
nance D,;(2460) which can be identified with the J* = 17
state was first hinted at by BABAR [1] and then observed
and established by CLEO [2] and Belle [3]. Second, the
broad Djy and D, resonances, which are the counterpart of
D7,(2317) and D’,(2460) in the nonstrange charm sector,
were explored by Belle [4] in charged B to D* 7~ 7~ and
D** 71~ 7~ decays and by FOCUS [5] in photoproduction
experiment.

Just like the light scalar mesons f,(980), a((980),
o(600), the underlying structure of the above-mentioned
P-wave charmed mesons is not well established theoreti-
cally. Recall that, before 2003, the P-wave states D}, and
D), with j, = 1/2 (j, being the angular momentum of the
light degrees of freedom) were predicted to be broad and
decay into DK and D*K, respectively, in the conventional
quark model [6]. However, the observed D7;(2317) and
D’,(2460) states are below the DK and DK™ thresholds,
respectively, and hence are very narrow. This unexpected

!An issue for the four-quark model is whether the conventional
¢5 and cq states exist. A nonobservation of a heavier and broad
0" ¢35 state will not support the four-quark interpretation of
D},(2317). For nonstrange charmed mesons, it has been argued
that D;5(2308)° observed by Belle [4] is a four-quark state,
whereas D;5(2405)** measured by FOCUS [5] is a normal cg
state [11]; that is, the Dj state observed by Belle and FOCUS
may not be the same.
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and surprising disparity between theory and experiment
has sparked a flurry of theory studies. It has been advocated
that this new state is a DK molecular [7] or a D7 atom [8]
or a four-quark bound state (first proposed in [9], followed
by [10,1 l]).1 On the contrary, it has been put forward that,
based on heavy quark effective theory (HQET) and chiral
perturbation theory, the newly observed D(2317) is a 0*
c5 state and that there is a 1" chiral partner with the same
mass splitting with respect to the 1~ state as that between
the 0" and O~ states [12,13], namely, mp —mp; =
szO - mDS.

The spectra and strong, radiative decays of the P-wave
charmed mesons have been studied extensively (for a
review, see [14-16]). The measurements of two-body B
decays into D** and D", where D™ denotes a generic
even-parity charmed meson, provide very useful informa-
tion on the decay constants and form factors of the excited
charmed meson and the ratios of radiative to hadronic
decay rates, for example, I'(D},— Djy)/I'(D}, —
D,7"). Moreover, they provide an opportunity to test
heavy quark effective theory. As we shall see below, the
decay amplitudes of B — D**7r in the heavy quark limit
are governed by the Isgur-Wise (IW) functions 7, ,(w) and
73 /2(60)-

In the present work, we will study even-parity charmed
meson production in B decays. Specifically, we focus on
the Cabibbo-allowed decays B — D**7r and D**D™ > The
decay B~ — D*O7~ receives color-allowed and color-
suppressed contributions, characterized by the effective

These decays have been studied previously in [17-27].
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Wilson parameters a; and a,, respectively. It is important
to know whether the interference between the a; and a,
terms is constructive or destructive. In the naive factoriza-
tion approach, a; = ¢; + ¢;/N, and a, = ¢, + ¢;/N,. In
the late 1980s and early 1990s, the large-N,. approach was
very popular and successful in explaining the hadronic
weak decays of charmed mesons [28]. It was widely be-
lieved by most practitioners in the field that the 1/N,
expansion applies equally well to the weak decays of B
mesons. Since a,/a; = ¢,/c; ~ —0.25 at the renormal-
ization scale u = my in the leading 1/N, expansion, B —
D" 7~ is naively expected to have a larger rate than B~ —
D7~ due to the destructive interference in the latter.
However, the CLEO measurements of B — D imply
the opposite [29]. This is a very stunning result. In order
to accommodate the B — D data, the ratio a,/a; is found
to be of the order of 0.20—0.25. In the early 2000s, the
color-suppressed mode B — D70 is found to be signifi-
cantly larger than the theoretical expectation based on
naive factorization. For example, the measurement
B(B® — D°7r%) = (2.91 + 0.28) X 10~* [30] is larger
than the theoretical prediction, (0.58-1.13) X 10~* [31],
by a factor of 2—4. Moreover, the three B — D ampli-
tudes form a nonflat triangle, indicating nontrivial relative
strong phases between them. As a consequence, a,/a; =
(0.45-0.65)e™"" is inferred from the B — D measure-
ments including the neutral mode B° — D7 [31-34].
The question is then why the magnitude and phase of
a,/a, are so different from the model expectation. To
resolve this difficulty, it has been shown in [35,36] that
the enhancement of the effective a, and its strong phase
can be ascribed to final-state interactions.

For B — D*"1r decays, we will pay great attention to the
relative sign of the decay constants and form factors of the
P-wave mesons. It turns out that, in order to explain the
larger rate of B~ — D*'z~ than B®— D7~ for
D** = Dj; and Df, the real part of a,/a; for B— D**7r
has to be negative with a large magnitude. Moreover, the
color-suppressed contribution has to dominate over the
color-allowed one, in contrast to the naive expectation
that the color-suppressed amplitude is 1/m;, suppressed
in the heavy quark limit. This is a third surprise for the
ratio a,/a;. The question to be addressed is why the sign of
the real part of a,/a; flips when B — D is replaced by
B — D" 7.

This work is organized as follows. In Sec. II, the decay
constants of D** and B — D™ form factors within the
covariant light-front (CLF) quark model are summarized.
The decays B — D**7 and B — D*D are studied in
Secs. III and IV, respectively. Conclusions are presented
in Sec. V.

II. DECAY CONSTANTS AND FORM FACTORS

In the quark model, the even-parity mesons are conven-
tionally classified according to the quantum numbers J, L,
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S: the scalar and tensor mesons correspond to »*1L, =
3P, and 3P,, respectively, and there exist two different
axial-vector meson states, namely, lP1 and 3P1, which
can undergo mixing if the two constituent quarks do not
have the same masses. For heavy mesons, the heavy quark
spin S decouples from the other degrees of freedom in the
heavy quark limit, so that S, and the total angular momen-
tum of the light quark j are, separately, good quantum
numbers. The total angular momentum J of the meson is
given by J= j + §Q with§ =5+ § o being the total spin
angular momentum. Consequently, it is more natural to use
L) = Pg/ 2 PT/ 2 Pi/ 2, and P(l)/ ? to classify the first excited
heavy meson states, where L here is the orbital angular
momentum of the light quark. It is obvious that the first and
last of these states are *P, and *P, while [37]

2 1
1P}/ = \gvm + \glw,
1 2
1/2
PY%) = —\fgvm + \[3'3*’1)'

In the heavy quark limit, the physical eigenstates with
JP = 1% are P¥/? and P)/? rather than 3P, and 'P,.

The masses and decay widths of even-parity (or P-wave)
charmed mesons D7 and D5, are summarized in Table I. It
is known that, in the noncharm scalar meson sector, the
quark model cannot explain why the scalar strange meson

@2.1)

TABLE I. The masses and decay widths of even-parity
charmed mesons [30]. The four P-wave charmed meson states
are denoted by D, D}, Dy, and Dj. In the heavy quark limit, D}
has j = 1/2 and D, has j = 3/2, with j being the total angular
momentum of the light degrees of freedom.

State Mass (MeV) Width (MeV)
D§(2400)° * 2352 * 50 261 = 50
D;;(2400)* * 2403 + 14 + 35 283 = 24 *+ 34
D,(2420)° ® 2421.8 = 0.8 20.3%12
D,(2420)* 2427+ 5 26+ 8

D} (2430)* 2427 + 26 + 25 3841197 + 74
D3(2460)° © 2462.7 * 0.8 44 2
D3(2460)* 2464.9 3.0 29+ 5
D*,(2317) 2317.3 £ 0.4 = 0.8 <3.8¢
D/, (2460) 2458.9 = 0.9 <351
D,;(2536) 2535.35 = 0.31 <23
D*,(2573) 2573.5 = 1.7 1543

“While the mass and the width of Dj;(2400)° arise from the
average of Belle [4] and FOCUS [5] measurements, the mass and
the width of D;;(2400)* are solely due to FOCUS [5].
Including the most recent CDF measurements m(D)) =
2421.7 £0.7 0.6 MeV and T'(D{) =20.0 = 1.7 * 1.3 MeV
[38] to the 2005 PDG average [30].

“Including the most recent CDF measurements m(D3’) =
2463.3 = 0.6 = 0.8 MeV and I'(D3?) = 49.2 £ 2.3 + 1.3 MeV
C[138] to the 2005 PDG average [30].

The width limit from BABAR [39].
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K;(1430) with a mass 1412 = 6 MeV [30] is lighter than
the nonstrange one ay(1450) with a mass 1474 = 19 MeV
[30].3 Likewise, it is clear from Table I that the relation
m(D§*) > m(D*™) holds except for D}, and D for which
we have m(D7)) < m(Dj). This is the place where the
conventional quark model seems not to work* and a four-
quark structure for D and Dy, is preferable [11].

We shall use 1'* and 17 or D] and D, to distinguish
between two different physical axial-vector charmed me-

son states.” The physical 1’* state is primarily Pi/z, while

1* is predominately P?/ 2. This is because, in the heavy
quark limit, the physical mass eigenstates D} and D; can
be identified with P}/ 2 and Pf/ 2, respectively. However,
beyond the heavy quark limit, there is a mixing between

Pi/ * and P‘T/ ?, denoted by Di/ % and D?/ ?, respectively,

D}(2430) = D}? cosf + D3/*sing,

2.2)
D,(2420) = —D!/*sinf + D¥? cos6.
Likewise, for strange axial-vector charmed mesons,
D',(2460) = D'/? cosf, + D?/*sind,, °3

D,;(2536) = —D'/*sin6, + D?/*cosd,.

Since D:/ * is much broader than D‘?/ ?, the decay width of

D,(2420) is sensitive to the mixing angle 6. The D}/ 2 -

D?/ 2 mixing angle was reported to be

6 =0.10 = 0.03 = 0.02 = 0.02 rad = (5.7 + 2.4)°
2.4)

by Belle through a detailed analysis of B — D*7r7r [4].
Since the decay B~ — D™~ receives color-allowed
and color-suppressed contributions, it is important to know
whether the interference is constructive or destructive. In
[43] we have computed the decay constants and form
factors for the ground-state S-wave and low-lying
P-wave mesons within the framework of a covariant
light-front approach.® In our approach, we first fix the
vertex functions (i.e. Feynman rules for the meson-quark-
antiquark vertices) for both S-wave and P-wave mesons.

3Recently it has been advocated in [40] that the puzzle with the
relative masses of K;j(1430) and ay(1450) can be solved pro-
vided that the observed scalar nonet in the mass range 1-2 GeV
is a tetraquark nonet plus a glueball. The yet-to-be observed gg
scalar nonet lies around 1.1 GeV.

“There are some attempts to understand the mass relation
m(D},) <m(Dj;) by modifying the conventional potential
model. For example, one loop chiral corrections to the potential
model is considered in [41], while the potential model in [42]
takes into account negative energy states of a heavy quark in a
bound state.

>The notation for D’ (2430) and D(2420) is opposite to that in
[31].

®There are many typos in the printed version of [43] but not in
the archive version, hep-ph/0310359.
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Then we are able to compute their decay constants and
form factors. Hence, the relative sign and the factors of i
between two-body and three-body matrix elements can be
determined. We then adopt two different approaches to
elaborate on the heavy quark limit behavior of physical
quantities: one from top to bottom and the other from
bottom to top. In the top-to-bottom approach, we derive
the decay constants and form factors in the covariant light-
front model within HQET and obtain model-independent
heavy quark symmetry (HQS) relations. In the bottom-to-
top approach, we study the heavy quark limit behavior of
the decay constants and transition form factors of heavy
mesons and show that they do match the covariant model
results based on HQET [43].

A. Decay constants

The decay constants of scalar and pseudoscalar mesons
are defined by’

OIALIP(@) = ifpq,. OIV,I8(@) = fsq,. 2.7

It is known that the decay constants of noncharm light
scalar mesons are smaller than that of pseudoscalar me-
sons, as they vanish in the SU(3) limit. The decay constants
of the axial-vector charmed mesons are defined by

0l4,1D}*(q, &)y = Foyempze

32 (2.8)

<0|AM|D1 (q’ 8)> = fD?ﬂmD?ﬂS,u‘

It is known that, in the heavy quark limit [44],
fD}/z = fDS’ fD?/Z =0. (29)

Since the decay constant of D; vanishes irrespective of
heavy quark symmetry (see below), the charmed mesons
within the multiplet (0", 1%) or (1'",2%) thus have the
same decay constant.

The polarization tensor &, of a tensor meson satisfies
the relations

gy =¢ gt, =0, pyet”=p,et’"=0 (2.10)

uv v

Therefore,

(0[(V—A),|D5(e, p))=ae,,p’ +be”,p,=0. (2.11)

’Sometimes the decay constant of the pseudoscalar meson is
defined as (0|A,|P(q)) = fpq, in the literature (see e.g. [26]).
This corresponds to choosing a non-Hermitian vertex function
I' = 5 for the pseudoscalar meson or redefining the phase of the
pseudoscalar field, namely |P) — exp(i@)|P) with ¢ = 7. The
two-body matrix element (P|V,,|B) is still given by Eq. (2.15).
However, the usual soft-pion theorem

. 2
(111_{1(1)<7T(C])|V,¢|B> = _IE<O|AM|B> (2.5)
has to be modified to
. V2
lim(r(g)1V,.1B) = Z=014,|B). (2.6)
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The above relation, in general, follows from Lorentz co-
variance and parity considerations. Hence the decay con-
stant of the tensor meson vanishes; that is, the tensor meson
D3 cannot be produced from the V — A current.

Using fp = 200 MeV, fp =230 MeV, and fp: =
230 MeV as input, the decay constants (in units of MeV)
of P-wave charmed mesons are found to be [43]

fp, =86, fon=130,  fon=—36

fD&O =171, szl/z = —38

(2.12)
o =122,

in the covariant light-front model, where we have used the
constituent quark masses

Myq = 0.26 GeV,
m, = 1.40 GeV,

m, = 0.37 GeV,
my, = 4.64 GeV.

(2.13)

Notice that, although D has a decay constant larger than
that of D, as expected, it is the other way around for the
scalar mesons, namely, fp, > f D7, This can be seen from

the light-front quark model expression [43]
Foy f dry - [mexy = my(1 = x)l (2.14)

Since the momentum fraction x, of the strange quark in the

2 _ 02
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D; (D7) meson is small, its effect of being constructive in
the case of D and destructive in D7, is sizable and explains
why ijO/fD,‘- ~ 0.3 and fp: < fp,-

In principle, the decay constants of the P-wave strange
charmed meson D;* can be extracted from the hadronic
decays B — DD** since they proceed dominantly via ex-
ternal W emission. In Sec. IV we shall extract the decay
constants of D}, and D/, from experiment.

There are other model calculations of the P-wave
charmed meson decay constants. In general, these esti-
mates are larger than ours, (2.12). For example, the QCD
sum rule approach in [45] yields fp. = 170 * 20 MeV,
while the quark model in [46] predicts f Dy = 139 =
30 MeV and fDTo = 110 £ 18 MeV. As we shall see be-

low, some of the decay constants for P-wave charmed
mesons can be phenomenologically extracted from B —
D**ar and B — D¥*D decays and compared with model
predictions. It turns out that, while our prediction for f’ D; is

smaller than experiment, our result for f D, is in agreement
with the data.

B. Form factors

Form factors for B — M transitions with M being a
parity-odd meson are given by [47]

2

my —m mi —m
PNV, 1B = (s + ) =" 5" g, JFE ) + 75 g R (@)

2

mB+mV

(V(p, )4, 1B(pg)) = i{<m3 + my)eL AP (g?) —

(V(p, &)IV,|B(pp)) = €uvaps  PEPPVEY (4P),

B+

(2.15)

p g p
EIPB (b ) ABY(q?) — 2my S B g [ABV(g?) — Agqu)]},
mpg + my q

where €y123 = 1, ¢ = pgp — p, FBP(0) = FgP(O), AgV(O) = AOBV(O), and

mp + m mp —m
ARV(g?) = =5 AP (¢?) — =5 ARV (4. (2.16)
Zm ZmV
For B — D™ transitions, we use
m2 _ mZ m2 _ m2
(D(PIALIB(py) = —i[(@g Pl %qﬂ)ﬁ%(qz) T g F (qﬂ,
. . e -
(D\(p, )V, |B(ps)) = —z{<m3 — mp)es VPP (g?) — —=—PE_(p, + p), VEPI(g?)
mp — Mp,
—2mp, =y = p), VIV (@) - VEP )
mp, 612 P~ PlulVs q 0o 94 ,
2 ,
<D1(P, 8)|AM|B(PB)> = mg — my, EMVpO'S*Vpng—ABD] (612),
1
(D3(p, &)V, |B(pp)) = hG*)€unpoe™*(Pp)alps + P)P(ps — P)7,
(D3(p, 8)|ALB(pp)y = —ilk(qP)e}, py + by (g))espaph(ps + Py + b (gD PS5 (Ps — P)u (2.17)
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with
mpg +m D,

mp —m
Vi g) = =5 Vi) -

VBDI 2
2le 2 (q )

2le
(2.18)

and V221 (0) = vgP(0).

Note that, except for the form factors 4, b, b_, all the
other form factors are dimensionless. In principle, it is
better to parametrize the form factors in such a way that
they are all positively defined. This is the case for B to
S-wave meson transitions, but not for all B — D** transi-
tion form factors. At any rate, the signs of various form
factors can be checked via heavy quark symmetry shown
below in Eq. (2.21). For example, a factor of —i is needed
in the B— § transition in order for the B — Dj form
factors F ﬁlo)“ to be positive.

Given the Feynman rules for the meson-quark-antiquark
vertices (see Table I of [43]) in the framework of the CLF
quark model, we are able to compute the form factors in the
spacelike momentum transfer g> < 0. Form factors at ¢> >
0 can be obtained by first recasting them as explicit func-
tions of ¢? in the spacelike region and then analytically

continuing them to the timelike region. We find that, except
3/2

BD
for the form factor V, ' , the momentum dependence of
form factors in the spacelike region can be well parame-

TABLE II.
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trized and reproduced in the three-parameter form:

F(0)
1 = alg*/mg) + b(q*/mp)*’

F(?) = (2.19)

... BD?
for B — M transitions. The form factor V, ' approaches

zero at very large —|g?| where the three-parameter pa-
rametrization (2.19) becomes questionable. To overcome
this difficulty, we will fit this form factor to the form

F(0)
(1 = ¢*/m3)[1 — a(g*/m3) + b(g*/m3)*]
(2.20)

F(q*) =

and achieve a substantial improvement.

Form factors for B— 7 and B — D** transitions calcu-
lated in the CLF model are listed in Table II. For compari-
son, form factors evaluated in the Isgur-Scora-Grinstein-
Wise (ISGW) quark model [48] are exhibited in Table III.
Before our work, the ISGW quark model was the only
model that could provide a systematical estimate of the
transition of a ground-state S-wave meson to a low-lying
P-wave meson. This model is based on the nonrelativistic
constituent quark picture. In general, the form factors
evaluated in the original version of the ISGW model

Form factors for B — 7r, D** transitions obtained in the covariant light-front model

[43] and fitted to the three-parameter form Eq. (2.19) except for the form factor V, denoted by =*
for which the fit formula Eq. (2.20) is used. All the form factors are dimensionless except for #,

b, b_ with dimensions GeV 2.

F F(0)  Flgm) @ b F FO0)  Flgna) @ b
P 0.25 116 173 095 | FE" 025 08 084 010
FIP 024 034 103 027 |F; 024 020 —049 035
2 1/2
ABD” 012 014 071 018 |Vo7U 008 013 128 —0.29
1/2 1/2
viP 019 —013 -125 097 |Vi7 —012 —0.14 067 020
3/2
ABD 023 033 117 039 |V;°' 047 070 117 003
3/2 3/2
v 055 051 —0.19 027 |V,°0 =009 —0.17" 214 421
h 0015 0024 167 120 | k 0.79 112 129 093
b,  —0013 —0021 168 098 | b_ 0011 0016 150 091
TABLE III. Form factors of B — D** transitions calculated in the ISGW2 model [43].
F F(0)  Flghw) a b F F(0)  Flghw) a b
Fi% 018 024 028 025 | F, 018  —0.008
1/2
ABD” 016 —021 087 024 |V.” 018 023 089 025
1/2 1/2
viPT —019  0.006 v,"U —018  —024 087 024
2 3/2
ABD” 016 019 046 0065 (Vo 043 051 054 0074
3/2 3/2
viP" 040 032 -060 115 V2P0 —012  —019 145 083
h 0011 0014 086 023 k 060 068 040 0.8
b,  —0010 —0013 086 023 b 0010 0013 086 023
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are reliable only at ¢> = ¢2,, the maximum momentum
transfer, because the form-factor ¢ dependence is propor-
tional to exp[—(q2, — ¢?)] and hence the form factor
decreases exponentially as a function of (g2, — ¢?). This
has been improved in the ISGW2 model [49] in which
the form factor has a more realistic behavior at large (g2, —
g*) which is expressed in terms of a certain polynomial
term.

|

(DI, BW)) = é(w)(v +2'),,

(D2, )|V, |B(v)) = —i27 jy(@)[(1

(DY, )|V, |B(v)) = 7

—w)e,, + (" v)v),]

L (@} — ), — (6" )[Bv, + (2 — w)v, ]l

PHYSICAL REVIEW D 74, 034020 (2006)

In the infinite quark mass limit, all the heavy-to-heavy
mesonic decay form factors are reduced to three universal
IW functions—¢(w) for S-wave to S-wave, and 7y »(w) as
well as 73/,(w) for S-wave to P-wave transitions, first
introduced in [37]. Specifically, the B— Dj and B —
D!/? form factors are related to 7, 2(w), while B — D}

and B — Dj transition form factors are related to 75/,(w)
[43]:

<D*(U/) 8)|VM|B(U)>: _f(a))e,uvaﬁg*y lozvﬁ
(D*(V, &)|A,IBv)) = ié(w)[(1 + w)el, — (" v)V, ],

(DA, IB)) =27 (@) (v — V'),
(DY (v, &)|A,|B(w)) = =27, (@) € 4 yape* v/ VP,

2.21)

1 "
<D?/2(vl! 8)|AM|B(U)> \/57-3/2((0)(1 + (L)) Mvaﬁs V /avﬁr <D;(‘U/, 8)|V,u,|B(U)> = \/:;73/2((‘))eluvaﬁsmy’yv'yvlavﬁr

(D5(v',8)|A,|B(v)) = —i\/§7'3/2(a)){(1 +w)ey,v" — szﬁvavﬁv;L},

where @ = v - v'. For completeness, we have also included B — D, D* transitions in terms of the Isgur-Wise function
&(w). Using the vertex functions in the heavy quark limit given by Egs. (4.23) and (4.24) of [43] in conjunction with HQET,
we have derived the IW functions in the light-front model. Their numerical expressions are given by [43]

Ew)=1-122(w — 1) + 0.85(w — 1),

Ti2(w) = 0.31(1 — L18(w — 1) + 0.87(w — 1)%),

(2.22)

732(w) = 0.61(1 — L.73(w — 1) + 1.46(w — 1)?).

They are in good agreement with the lattice results 7, ,,(1) = 0.38 = 0.05 and 75/,(1) = 0.53 = 0.08 [50].%
It is easily seen from Eq. (2.21) that the B — D** matrix elements of weak currents vanish at the zero recoil point w = 1
owing to the orthogonality of the wave functions of B and D**. From Egs. (2.15) and (2.21) it is clear that the B — Dj; and

B— D}/ ? form factors in the heavy quark limit are related to 7, 12(w) by

Mg JTBD;  Fy ' (q?)

[mgm 12 ,
1/2
ABD

" (q

2) — \/l’m :/7( 2)

7'1/2(0)) =

BD}
- Fy 0(‘12) = - 0 2
mpx q

mpg — mB—mDS [1_

0

mph 1,2 mpght 12
_ B D, BDI/Z( 2)__\/ B™p,

(mp 7’"0* )2]

D]/z

D”( 2)

mp — mD:/Z mp —

mpie [1 —

(mB m 1/2

(2.23)
e 7

1/2 1/2
Hence, in the heavy quark limit, we have V(?D‘ (¢ = —VfD‘ (¢%) = —ABD:/Z(qz). Likewise, the B — D?/z and B — Dj

form factors are related to 73/,(w) via [43]

f%/z(q ) 1 2m3,
mBm 3/2 w -1 3 sz/z
1

| mp k(g*) - _ 2V2
\/3sz 1+

7'3/2(0)) =

with @ = (m} + m3.. —

/2 (g?) + g?) =

I+ o /mBmD?/zéh/z(qz) = -

2mj, (g — P (qP)
\mDT/Z w—2

3 *
S b () = b (@),

m3 mp«
=2/ =5hig?)

(2.24)

m%r)/(Q’mBmD**)’ b+(¢12) + b—(q2) = 09 and

8Comparison with other model calculations of 7 12(1) and 73,(1) is summarized in Table XV of [43]. For example, based on QCD

sum rules, 75/,(1) = 0.74 £ 0.15 is obtained [51].
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2 BD}? 5
C30(q°) = —(mp — mD?/z)Vl (g),

3/2

ABD1 (q2)
513/2(612) = _ﬁ’
B DT/2
BD? (2.25)
v, ' (Y
) =24,
mpg — mD?/z
BDY? BDY?
vV, PANE \rat 2
c3_/2(q2) = —2mn ; (@) 2 o (g ).
! q

One can check that the signs of various form factors in

Table II are in agreement with the heavy quark limit

behavior of B — D™ transitions, Eqs. (2.23) and (2.24).
It turns out that, among the 14 B — D** form factors,

while the covariant light-front model predictions for

126/2  BDV? BD\? .
ABPYT VT LV, hy by, b are in good agreement

with those in the heavy quark limit, the predictions for

BD* BD1/2(3/2) . . .
F v , and k at zero recoil show a large deviation

from the HQS expectation. In‘deed, Egs. (2.23) and (2.24)

indicate that, except for F fDU, these form factors should
approach to zero when g? reaches its maximum value, a
feature not borne out in the covariant light-front calcula-
tions for finite quark masses. This may signal that
Aqcp/mg corrections are particularly important in this
case. Phenomenologically, it is thus dangerous to deter-
mine all the form factors directly from the IW functions
and HQS relations since 1/m corrections may play an
essential role for some of them and the choice of the 8
parameters9 for S-wave and P-wave wave functions will
affect the IW functions.

III. B — D**7 DECAYS

Given the decay constants and form factors discussed in
Sec. II, we are ready to study the B decays into P-wave
charmed mesons. In this section we will focus on B —
D™ decays. The experimental results for the product of
the branching ratios B(B— D7) and B(D* —
two particles or three particles) are summarized in
Table IV.

To determine the absolute branching ratios for B —
D", we need some information on the branching frac-
tions of D**. The decay D;, undergoes an S-wave hadronic

decay to D, while Di/ 2 can decay into D* by S-wave and

D-wave pion emissions, but only the former is allowed in
the heavy quark limit m,. — oo. Hence, we shall assume

o B is a wave function parameter which governs the behavior of
the phenomenological meson wave functions, ¢ o
exp(—|p?1/2B%). It is expected to be of order Agcp.

PHYSICAL REVIEW D 74, 034020 (2006)

that the Djj and D/ widths are saturated by D7 and D",
respectively, so that
BMDY—=D 7 )=%  BDY—-D"m)=41
(3.1

In the heavy quark limit where the total angular momentum
Jj of the light quark is conserved, S-wave D?/ = Dris
prohibited by heavy quark spin symmetry. Therefore, for
D,(2420) we assume that the dominated strong decay
modes are (Dl - D*W)d-wave’ (D 77'77-)P—wave’
(D*777) p-yave- From Table IV it is clear that, among the
possible strong decays of Dy, the three-body mode D* 77
is suppressed relative to Darw. Moreover, the analysis of
D,(2400) — D7 7~ by Belle [55] shows that the decay
mode D — Dy gives the best description. Therefore,

B(D)— D’n* 7)) = 3B(D) — Dy ),

B(DY— D7, Dytm) =12 (3.2)

The tensor meson Dj decays into D* or D via D-wave pion
emission. Since the production of D*7r7r in D3 decay is
very suppressed, we take

B(DY —D* 7, D7) =3 (3.3)

In heavy quark effective theory, it is expected that

(DY — D7)
I(D;? — D**77)

2 mp <pC(D;—>D7T)>5 _ 13
3 mp \p.(D5 — D*m) "

(3.4)

in excellent agreement with the direct measured value of
2.3 = 0.6 [30]. Applying Egs. (3.1), (3.2), and (3.3), the
absolute branching ratios of B — D™ 7 are shown in
Table V. Note that in the factorization approach it is
expected that

B(B"— D3"K™)

BB — Dy ) )

= sin6Z,

with 6. being the Cabibbo angle. From Table IV we see
that this relation is well satisfied experimentally.

We shall study B — D**7r decays within the framework
of generalized factorization in which the hadronic decay
amplitude is expressed in terms of factorizable contribu-
tions multiplied by the universal (i.e. process independent)
effective parameters a; that are renormalization scale and
scheme independent. Apart from a common factor of
GrVepVi,/ V2, the factorizable amplitudes for B~ —
D™~ read
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TABLE IV. Experimental branching ratio products (in units of 10™4) of B decays to D**, where Dj, Di, Dy, D3 stand for the
charmed mesons Dj;(2400), D} (2430), D;(2420), and D;(2460), respectively. The Cabibbo-suppressed mode B — D37 K~ is also
included.

Mode BABAR [52,53] Belle [4,54] Average
BB~ — Dw )B(D — D7) 6.1 £0.6*09=*16 6.1 1.9
0 0
B(B~ — D7 )B(DY — D**77) 50£04*+1.0*04 50= 1.1
BB~ — D7 )B(D) — Dn~ x™) <0.06 <0.06
BB~ — DYm")B(DY — D’m~=") 1.85 = 0.29 = 0.3579% 1.85798
BB~ — D7~ )B(DY — D** ") 59+03=*11 6.8+0.7*1.3+0.3 6.2+ 0.9
B(B~ — D7 )B(D5? — D7~ o) <0.22 <0.22
BB~ — D*7m )B(Dy’ - D*"m") 1.8+03+05 1.8+03+03=0.2 1.8 + 0.4
2 2
BB~ — Dy’m )B(Dy - D" 7)) 29+02=*05 34+03*0.6+04 3.1 =04
2 2
B(B* — Dyt w)B(DyT — D7) 0.60 = 0.13 = 0.15 = 0.22 < 1.20 <1.20
B(B* — D" m)B(D}" — D*7*) 0.14 = 0.13 = 0.12759 < 0.70 <0.70
B(B* — D w)B(D} —» D* w a™") <0.33 <0.33
BB — D7 )B(D = D 7 7") 0.89 = 0.15 + 0.1773:% 0.89703
B(B* — Df =~ )B(D} — D7) 3.68 = 0.60101670% 37454
BB — Dy 7w )B(DyT = D* o) <0.24 <0.24
B(B® — D37 )B(D3t — D*Oxrt) 2.45 = 0.42+33370% 24504
B(B" — D3t 7 )B(D;" — D7™) 3.1 +£03+0.1%02 3.170%
B(B* — D3 K" )B(D3+ — D7) 0.183 = 0.051 0.18 + 0.05
— * — BD,
AB™ = D7) = —a\fo(my — mp )Fy~(m7) + ayfp,(my — m3)F§™(mp,),
_ _ F BD/
AB™ = DYm) =2(e" - pgpllarf=Vy '(mp)mp — arfp F?"(sz/])me 2 3:6)
— — % BD .
AB™ — DVm™) = 2(" - ppllarf-Vy (m7)mp, — arfp FE7(mg, Ymp,},
AB™ = D7) = —a\frel, v palk(m2) + by (m2)(m} — m} ) + b_(m2)m2],
with
/ 1/2 3/2 1/2 3/2
V(];;D‘mD/l = VgD‘ M2 cosf + V(?D‘ mp32 sing, VgD‘le = —V(?D‘ mpi2 sinf + V(?D‘ mp32 cos0, a7

fDll mp; = fD}/sziu cosf + fD?/sz?/z sinf, Sp,mp, = _fD:/szi/z sinf + fDT/sz?/z cosé.

The decay amplitudes for B — D*** 77~ can be obtained from A(B~ — D***7r™) by setting a, = 0.'” Note that, except
for B~ — D37~ all other decay modes receive contributions from color-suppressed internal W emission. In the heavy
quark limit,

AB™ — Dy’m™) = —2a,f 5 /mgmp, (mp + mp (@ — 1)1y p(@) + 2ayfp, F§™ (mp )(my — m3),
AB~ — D/107T7) =2(g" - v){alfﬂ. [mghip; (mg — mD:/z)T]/z(w) - Clsz}/zF?”(mi)}/z)mlgml)}/z},

3.8)
AB~ — DY) = \2a, (e - v)f 7 /Mpiip, (mg — mDT/z)(w + D73)0(w),
ABB~ = D7) = _\/galfWSZDUMUV\/mBmDZ(mB + mp,) 735 (w),
where w = (m} + m.. — m2)/(2mgmp-).

TABLE V. Experimental branching ratios for B — D**7r de-
cays (in units of 10™%), where D** denotes a generic P-wave
charmed meson.
Mode Expt. Mode Expt.
B-—= D7 92x29 B°—Dytw 090*=045<18
B~ — Dz~ 7517 B°->D{x~ 02153 <11
B~ —D{m~ 13573 | B°—Dfm 7.6717 — o
B~ — D7~ 74+08 |B'— Ditm~ 8.3712 It is customary to neglect the W-exchange contributions to

B — D*** 7~ and B® — D*070.
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The decay rates are given by'!

I'(B— Djm) = (B— Djm)|%,
I(B— D{'m) = =~ |AB — Dm)/(e* - pp)I.
8mmy,,
p: mg\?
I'(B — Dim) = iz(f) M(B— Dy,
127rmp, \mp,

3.9

where A(B — D3m) = €}, py pyM(B — D3m) and p, is
the c.m. momentum of the pion. From Egs. (3.8) and (3.9),
we obtain

I'(B— D§*m™) =T(B"— D{*mw~)
1-=r1+r3

G .
= éWCbVMdPG%f%m% P I712(w)]%,
I'(B®—Dfn")=T(B"— D} n)
G . (1 =130 +r)
= é |VCqud|2a%f%m%T |7'3/2(a))|2,
(B~ — D7) =T(B"— D7),
(B~ — D7) =T(B"— Di*a),
(3.10)

in the heavy quark limit, where r = mp«/mg. It is evident
from Table IV that the HQS relations ['(B° — D" 7~) =
(B~ — D’7") and I'(B°—Dfn")=T(B"—
D3* ™) are respected by experiment, while the relation
['(B°— Dfn)=T(B~ — D7) is not satisfied, im-
plying the importance of color-suppressed contributions
which vanish in the heavy quark limit.

From Eq. (3.6) we see that, apart from the coefficients a,
and a,, the color-allowed and color-suppressed amplitudes
for B~ — {D°, D, D"}ar~ have opposite signs,'* in con-
trast to the case of B — D decays.

A. Color-allowed B — D**7r decays

We first discuss the color-allowed B — D*** 77~ decays
governed by the parameter a;. This is the place where the
calculations are considered to be more robust. To proceed,
we first fix a; to be 0.88. In Table VI we show the
predictions of B(B — D*** 7r™) in the covariant light-front

""Because the scalar resonances Dj; and D{ have widths of
order 300 MeV, we have checked the finite width effects on their
production in B decays and found that the conventional narrow
width approximation is accurate enough to describe the produc-
tion of broad resonances owing to the large energy released in
hadromc two-body decays of B mesons [24].

2We disagree with [26] on the slgns If we follow [26] to define
(P(q)|A4,10) = frg, and (D\”(p, &)l4,10) = ~fp, mp, &,
for decay constants we find that the matrlx elements
(DolA |B) and <D1 IV |B) should have signs opposite to that
given in Eq. (28) of [26]

PHYSICAL REVIEW D 74, 034020 (2006)

TABLE VI. The predicted branching ratios for B — D*** 7~
decays (in units of 10~#) calculated in the covariant light-front
model and its extension to the heavy quark limit (denoted by
HQS). The parameter a; is taken to be a; = 0.88. Experimental
results are taken from Table V.

Mode Theory HQS Expt.
B — Dyt 3.1 1.7 <1.8
B — D\ 7~ 0.8 1.5 <11
B — Dfw™ 10.4 11.1 7.6%1]
B — Dyt o 6.9 10.8 8.3%13

model for B— D** form factors and its extension to the
heavy quark limit with the IW functions given by
Eq. (2.22).13 1t is evident that the color-allowed modes
are “normal.” To illustrate this point, we consider the
decay amplitudes in the heavy quark limit given by
Eq. (3.8). We see that the color-allowed a; amplitudes
for Djj and D} production are suppressed relative to that
for D, and D; production because of the smallness of
Tip(w)/mp(w), (0 —1)/(0+1), and  (mp—
mp,)/(mg + mp ). Note that the first three modes in
Table VI prefer an a; smaller than unity, whereas the
D3* 7~ channel favors an a; close to unity.

If we treat the B — Dy, D!, D, transition form factors as
unknown parameters, we can determine them from the
data. In order to satisfy the constraint B(B° — D" 7 ") <
1.8 X 1074, it follows that the B — Dj, form factor is
constrained to be

FE%0(0) < 0.18. (3.11)

This is smaller than the CLF prediction, F20(0) = 0.24

(cf. Table II). From the measurements of B%—
D\"ar~, DY 7, we obtain
vEP0) =015, VEP(0) = 039100 (3.12)

Taking Vg o (0) = 0.15 and using the experimental central
value for the D] — D mixing angle § = 5.7° [Eq. (2.4)],
we find

1/2 3/2
vEPR (o) = 011709 vEP(0) = 0.41 = 0.04,

(3.13)

to be compared with the CLF model predictions (see

3/2
Table 10: V22! (0) = 0.08 and VZ” (0) = 0.47.

The IW functions 7 /,(w) and 75/,(w) can be extracted
from the data of B — D*** 7~

The predicted rates for Dyt 7~ and D3t 7~ are somewhat
different in the covariant model and its heavy quark limit
extension. This is because the form factors F#P5(g?) and k(g?)
do not respect the HQS relations (2.23) and (2.24) satisfactorily.
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B> Dytn =

B> Difr =

|712(1.36)] < 0.22,
|71 ,,(1.32)] < 0.19,

v (3.14)
|73/,(1.32)] = 0.30 = 0.03,
|73,2(1.31)] = 0.331003.

B> Dfm =
B - Dy"m =
As stressed in passing, the HQS relation I'(B®—
D7) =T(B~ — D7) is badly broken and hence

73/2(w) cannot be reliably extracted from D 77~ produc-
tion. Our predictions [43]

’Tl/z(l) = 031, 7'1/2(132) = 022,
71(136) =021, 73,5(1) = 0.61,

(3.15)

are in good agreement with the phenomenological deter-
mination (3.14) and the lattice calculations [50]. For com-
parison, the phenomenological determination of IW
functions in [26] is given by

71/2(1) < 026,
752(1) = 0.46 + 0.18,

71/2(]32) < 020,

(3.16)

In short, Egs. (3.11), (3.12), (3.13), and (3.14) are the
main results in this subsection.

B. Class-IIl B~ — D**%77~ decays

We next turn to the so-called class-1II decays B~ —
D*97~ that receive both color-allowed and color-
suppressed contributions. The experimental observation
that the production of broad D™ states in charged B decays
is more than a factor of 5 larger than that produced in
neutral B decays (Table V) is astonishing as it is naively
expected to be a factor of 2 difference at most. For ex-
ample, D7~ and D" 7~ rates are predicted to be similar
in [17,22], while D’loﬂ'* is predicted to be even smaller
than D7~ in [24]. The constructive interference in
B~ —{Dy’, D"}~ decays requests that the relative sign
between the real parts of a; and a, be negative, as noticed
in passing. Moreover, if we take the Belle measurements of
B —{Dj, D\}mw~ seriously, they will imply a color-
suppressed contribution larger than the color-allowed
one, even though the former is 1/mp suppressed in the
heavy quark limit. Since the color-allowed modes have
been shown to be normal before, anything unusual must
arise from the color-suppressed contributions.

Before proceeding, we need to specify the a, parameter.
Recall that |a;| = 0.88 £ 0.06, |a,| = 0.47 = 0.06, and
a,/a, = (0.53 £ 0.06) exp(i59°) are obtained in [31] by
a fit to the data of B — Dr. Owing to the missing B° —
D**07% decays, one can only determine |1 — xa,/a;| from
the measurements of B~ — D**O7~ and B° — D*** 7,

where x(Dgm) = f Do(m%; — m2)F, g ”(m%)o))/ [f7(m3 —

PHYSICAL REVIEW D 74, 034020 (2006)

m%)())FgD0 (m2)], for example. That is, a determination of
the relative strong phase between a; and a, has to await the
measurement of the neutral mode B® — D*** 77~ For the
present purpose, we shall choose a; = 0.88 and a, =
—0.47 without considering their relative strong phase.
Using this set of effective Wilson coefficients, we obtain

BB — D7) =76x10"%

_ 3.17)
BB — Dyt ) = 6.9 X 1074,

for B— Djm~ decays, which are in agreement with
experiment.

In order to accommodate the experimental observation
B(B~ — Dym~) = 5B(B* — D" 7~), the decay con-
stant of Dj cannot be too small. A fit to the B~ —
D7 rate yields

fp, = 148238 MeV, (3.18)

where FgD“(O) has been set to 0.18 [see Eq. (3.18)]. This
value of the Dj decay constant is larger than our CFL
prediction ng = 86 MeV [cf. Eq. (2.12)]. Putting the

form factors (3.12) back into Eq. (3.6) [with VE (0) =

0.15] and fitting to the measured rates of B~ —

DRz, D7~ give rise to
for = 15173 MeV,

fp, =73t MeV.  (3.19)

Applying the experimental central value for the D| — D,
mixing angle # = 5.7°, we find

fpir = 143" MeV,  f5 = 8872 MeV. (3.20)

Equations (3.18), (3.19), and (3.20) are the main results in
this subsection.

It should be stressed that, if |a,| is chosen to be smaller,
say a, = —0.30, then the decay constants fp, fD’l’ and
fp, all have to be scaled up by a factor of 0.47/0.30. This
will lead to a decay constant of Dy larger than that of the D
meson. This is in contradiction to the observation that f D;
should be smaller than f, [see Eq. (2.14)]. Hence, |a,/a,|
is preferred to be larger than the naive expectation.

Now we can get into more detail about the relative
strength of color-allowed and color-suppressed amplitudes
in B~ —{Dy’, D}m~ decays. Since fp, fp, = fm
FB™(m3 ) = 0.30 > Fg(m%) =< 0.18, and
Fy (mpye) = 0.37 3 V" (m%) = 0.15 it is evident that
the color-suppressed amplitude is slightly larger than the
color-allowed one for |a,/a;| = 0.53. In contrast, internal
W emission is suppressed for D, and D3 productions.
Under the factorization approximation, the color-
suppression amplitude is prohibited in B — D> 7. It also
vanishes in B — D; in the heavy quark limit as § — 0
and f pr 0. Therefore, it is expected that I'(B° —
Dy*m™)=T(B~ — D7) in general and I'(B°—
Df7™) =T(B~ — D7) in the heavy quark limit.
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Comparing Eq. (3.20) with Table II and Eq. (2.12), it is
clear that form factors and decay constants extracted from
the data are consistent with the CLF model calculations
except for the decay constant f D} which needs to be

positive. This can be seen from Eq. (3.6) that, in order to
account for B(B~ — DV7~) > B(B® — D] 7™), it is nec-
essary to have a constructive interference between color-
allowed and color-suppressed W-emission amplitudes.
This, in turn, implies a positive decay constant for Df/ 2,
ie. f DY > 0. (This is most obvious in the heavy quark

limit where § — 0.) It is not clear to us why our light-front
model prediction with a negative f 3. does not work. Of
1

course, it is possible that a, is process dependent and for
some reason d,/a; becomes positive for B~ — DV7 .
Then f Y2 will be negative.

It is worth mentioning that the ratio
_ B(B~ — D3(2460)°7")
B(B~ — D;(2420)°77)
is measured to be 0.54 = 0.18 by Belle [55].14 In soft-
collinear effective theory (SCET), the equality of branch-
ing ratios and strong phases
B(B— DiM) _

(3.21)

d)D;M — d)DlM (3.22)

>

holds in the heavy quark limit for both color-allowed and
color-suppressed modes, where M is a light meson [57].
The early prediction by Neubert [19] yields a value of 0.35.

C. Color-suppressed B — D***7" and B — D) w
decays

The factorizable B° — D***7% amplitudes are given by
as
V2

A(B — D7) = \ay oy F7 (i Ympy (" - p),

A(B° — Da®) = = “2 £ (i} — m2)F7(m ),

A(EO R D(l)’iTO) = \/EaszlFfr(n’l%)l)le(s* * Pp)-

(3.23)
They satisfy the isospin triangle relation
A(B® — D**" ™) = \2A(B® — D7)
+ A(B~ - D™7"). (3.24)

Assuming no relative strong phases between D*** 7,
D*97r~, and D**O7° amplitudes (i.e. these three ampli-
tudes are parallel or antiparallel to each other) and using
the experimental data from Table IV, then the above isospin

"“The early Belle [4], BABAR [52], and CLEO [56] results,
withR = 0.77 = 0.15, 0.80 = 0.07 = 0.16, and 1.8 = 0.8, re-
spectively, did not take into account the contribution from
D,;(2400) —» D7 " 7.
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relation leads to
BB — D7 = (1.9 = 1.0) X 1074,
B(B® — DP70%) = (2.4 £0.9) X 1074,
B(B° — DV7°%) = (3.0 £ 2.9) X 1075

(3.25)

Since in reality there should be some relative strong phases
between the aforementioned three amplitudes, the above
predictions for color-suppressed modes can be considered
as the lower bounds and should be robust. At the 90%
confidence level, we have

BB — D7) > 0.6 X 1074,

_ (3.26)
B(B* — D% > 1.1 X 107%.

Using a, = —0.47 and the decay constants given in
(3.18) and (3.19), a direct calculation of the branching
ratios of the neutral modes yields

B(B° — Dy’n%) = (1429 X 1074,
B(B° — DP7%) = (1.4 £ 0.5) X 1074,
B(B® — DY) = (3.2*34) X 1077,

(3.27)

which are similar to the model-independent results (3.25)
derived from the isospin argument. It is important to mea-
sure these modes to see if the production of the broad D***
states in neutral B decays is not color and 1/m,, suppressed.
Also the isospin relation Eq. (3.24) will enable us to
determine the relative strong phases in B — D**7r decays.

Two remarks are in order: (i) Contrary to B — D
decays where D7 rates are suppressed by 1 order of
magnitude compared to D77~ the D**O7° rates here are
comparable to D*** 77~ for broad D** states, as the color-
suppressed amplitude is larger than the color-allowed one.
(ii) Although the B° decay into D37 is prohibited under
the factorization hypothesis, it can nevertheless be induced
via final-state interactions (FSIs) and/or nonfactorizable
contributions. In soft-collinear effective theory, this decay
receives a factorizable contribution at the leading nonvan-
ishing order in A/mg [57].

Although the class-III decays B® — D**%7° have not
been observed so far, there exists one neutral mode B° —
Dw that can be inferred from a recent measurement of
B — D** wm~ decays by BABAR [58]. There is an en-
hancement for D*7 masses broadly distributed around
2.5 GeV. Assuming that the enhancement is actually due
to B — Djw followed by D} — D**7~, BABAR ob-
tained [58]

B(B' — DPw)B(D}| — D**7")

=41*12+04=*1.0) X104 (3.28)
It follows from Eq. (3.1) that
B(B"— D’low) = (6.2 *24) X 1074 3.29)
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Theoretically, the decay amplitude of B® — D'%w is given
by

A[B® — Dlo(gD’, PD’I)CU(FJW Po)]
= TsD/ e [S18u + S2(pp) . (PB),
+ iS3e#,,aﬁp%/1pg]y
with (apart from a common factor of GzV,, V. ,/ V2)

Sy = ay(mp + mw)ngfD;A?w(m,%/l),

_ aj Bw (1,2
S2 = ZWmD’IfD/IAZ (mD/l)’ (330)
a
Sy = -2 2 mp fp VB'”(m%)/])-

mpg + m,,

Then the helicity amplitudes H,, H., and H_ can be
constructed as

1
Hy = W[(’"% - m%)/] —m2,)S| + 2mgp?S,),

Hi = Sl + mecS3'

PHYSICAL REVIEW D 74, 034020 (2006)

BB — DPw) = 2.6 X 107, (3.33)

where we have assumed that B — o form factors are the
same as that for B — p transitions which we took from
[43]. The above branching ratio prediction is slightly
smaller than the BABAR measurement.

IV. B — D:*D DECAYS

Under the factorization hypothesis, the decays B —
D¥*D receive contributions only from the external
W-emission diagram, as the penguin contributions to
them are negligible. More precisely, their factorizable
amplitudes are given by

o G
A(B—D*D)=-E%

NG
X{(Dy*|(5e)l0XDI(eb)|B)

+2V,, Vi(ag + ag)(Di*[5(1 + y5)cl0)
X (D|&(1 - ys5)b|B)}, 4.1)

(Ve Visay — Vi Vi(ag + ayp))

where (G192) = 417, (1 — ¥s)q,. Since the tensor meson
cannot be produced from the V — A current, the B decay

(3.31)  into D%, D™ is prohibited under the factorization hypothe-
The d q sis. Except for Dy, the measurement of B — D™D can be
e decay rate reads used to determine the decay constant of D* to the ap-
oy - Pe ) ) ) proximation that penguin contributions are negligible.
I'(B — Djw) = 8m? I+ H* + [H- ). 3.32) The current measurements of B — D;*D are summa-
rized in Table VII. They are consistent with the relation
It is found that (B — D* D%)=T(B~ — D¥*°D"), but it is obvious
TABLE VIL. Experimental branching ratio products (in units of 10™%) of B decays to D*r,
where D},, D!, stand for the strange charmed mesons D?,(2317) and D', (2460), respectively.
Mode BABAR [59] Belle [60] Average
B(B~ — D, D°)B(D; — D;" ) <6.6 <6.6
B(B~ — Dy D°)B(D*y — Dy 7°) 10.0 3.0 = 1.0735  9.8730 2.9 9.9722
B(B~ — Dy D*)B(D*y — Dy 7°) 9.0 + 6.0 = 2.0739 <9.3 9.0+%:0
B(B~ — D'yD)B(D'y — Dy mwhw”) <27 <27
B(B~ — D!y D°)B(D'; — D; w°) <2.6 <2.6
B(B~ — D/, D°)B(D'; — D~ x°) 27+=7+5% 11.6737 35 141747
B(B~ — D'y D°)B(D!; — D" v) <5.8 <5.8
B(B~ — D'; D°)B(D/y — Dy y) 6020+ 1.0120  59tLl+x18  59%17
B(B~ — D' D*)B(D'; — D~ n") 76 =17 18*26 22. 3*3? +6.7 28 ot{gg
B(B~ — D, D*)B(D!; — D; ) 14.0 + 4.0 = 3. 0i5'0 9.8734 +2.9 11,1431
B(B® — D!y DY)B(D’y — Di™y) <10.3 <10.3
B(B® — Dy D*)B(D%; — Dy 7°) 18.0 4.0 £3.0%%) 10373331  12.073%
B(B" — D*y D*")B(D*y — Dy 7°) 150 4.0 2. 0+50 5629 <135  7.1%%]
B(B*— D'D")B(D'y = Dy 7wt w”) <27 <27
B(B" — D'y DT)B(D'; — Dy ") <33 <33
B(B* — D'y D*)B(D.; — Di~ w°) 28 =8 5110 169743 51 19.37%9
B(B* — D'y D*)B(D'; — D" v) <6.3 <6.3
B(B° — D[ D*)B(D}; — Dy y) 8.0 £2.0=*1.0%39 7154 = 2.1 74438
B(B" — D' D*")B(D!; — D:~7°) 55+ 12+ 10*15 2887101 +8.6 3507117
B(B" — D', D*")B(D!; — D; ) 23 +3*3*8 14353943 17.0%43
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that one needs more improved data to test the above
relation.

Since D};(2317) is below the DK threshold, the only
allowed hadronic decay is the isospin-violating one,
namely, D} 7°. Thus far, no other modes have been ob-
served (see e.g. [39]). The allowed radiative mode is
D}y — Djy, which is constrained to be I'(Dj,—
D;vy)/T(D%, — D;m") < 0.059 by CLEO [2]. Therefore,
0.94 < B[D 0(2317) — D,7°] < 1.0. It follows from
Table VII and (4.1) that

58-83 MeV from B~ decays,

aifp, = {63—86 MeV from B° decays. 4.2)

Hence, our prediction fDTn =71 MeV is in good agree-
ment with experiment.

Various model predictions on the branching ratios of
D',(2460) are shown in Table VIIL In general, the models
[12,61] differ in the predictions of the branching fractions
for the hadronic and radiative decays of D', which, in turn,
will lead to different absolute branching ratios for B —
D!, D. Very recently BABAR has been able to measure
B(B — D', D) without any assumption on the decays of
D', [62]. What BABAR has measured are the decays B —
D easDx»> with Dy being a fully reconstructed charmed
meson. The mass and momentum of the Dy are then
inferred from the kinematics of the two-body B decay.
By selecting final states with Dy = D,(2460)~, BABAR
measurements of B(B — D!,D™) are summarized in
Table IX. Combining with the BABAR results for branching
ratio products of B decays to D', (Table VII), the abso-
lute branching ratios of D’,(2460) are determined to be
[62]

B (D!, — Din®) = 0.56 * 0.13 = 0.09, 43
B(D,; — Dyy) = 0.16 = 0.04 = 0.03. *3

It is clear from Table VIII that the model in [12] is more
preferred. It is interesting to note that the sum B(D!, —
D*7% 4+ D,y) = 0.70 turns out to be the same in both

PHYSICAL REVIEW D 74, 034020 (2006)

TABLE IX. Branching ratios (in units of 10~%) of B decays to
D!, D measured by BABAR [62].

Mode Br Mode Br
B~ — D D" 43+16=13 |B~ — D/ [D* 112+26=20
B®—>DID" 26157 |B"— D/ D*" 88x20=* 14

models and is consistent with the measurement 0.72 *
0.17 derived from Eq. (4.3).
The decay constant of D', is then found to be

18839 MeV  from B~ decays,

arfp, = { 1528 MeV  from B° decays. @4

For comparison, the decay constants
afp;, > 74 = 11 MeV, afp, > 166 = 20 MeV
4.5)

are obtained in [63]. Comparing (4.4) with (4.2) we see that
fp:, is about 2 times fp. , whereas fp- and fp are very
similar in size [cf. Egs. (3.19) and (4.4)]. It is not clear to us
why the HQS relation for the decay constants is satisfied
for the sector {Dj, D}} but badly broken for {D},, D}, }.

The decays B — D** D have also been studied in [27].
However, the branching ratios B(B— Di;D)=
(3.0-3.8) X 1073,  B(B— D';D) = (7.2-8.9) X 1073,
and B(B— D! [D*) =(2.5-2.9) X 1072 predicted in
[27] are too large compared to experiment (see
Tables VII and IX).

For decays B~ — D**~D*0, their factorizable ampli-
tudes are given by

A(B~ — Dy D) = 2(&* - pB)althmD*AgD* (m%);]),

AB™ — DS(SDX1 pDS])D*O(SD* )]
= SD e [S18uy + S2(PB)u(PB)y
+ zS3euyaﬁpgslpD*], (4.6)

with

TABLE VIII.  The predicted branching ratios for D’} (2460). Branching ratios in parentheses are with respect to the decay mode

D" 7%, and so are the experimental results.

Mode [12] [61] BABAR [39,59] # Belle [3,60] CLEO [2]

Dt g0 56% 43%

Dty 13%(0.24) 27%(0.63) 0.337 = 0.036 + 0.038 0.63 = 0.15*0.15 <0.49
0.275 = 0.045 = 0.020 © 0.43 = 0.08 = 0.04

Dity 12%(0.22) 24%(0.56) <0.24 <0.31 <0.16

Dfw* o™ 11%(0.20) 7%(0.16) 0.077 £ 0.013 = 0.008 <0.13 <0.08

Dify 7%(0.13) 0.05%(1.2 X 1073) <0.25 <0.58

D 0.002%

*The BABAR results are for the branchmg ratios with respect to D!, — D
con51stent with the decay D!, — Dy 'y proceeding entirely through Dim

®From continuum e*e” — cc
“From B decay.

E)77' v arising from D}#° and D%,y. The BABAR data are
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TABLE X. The predicted ratios I'(B— D¥*D*)/T'(B —
Dy*D) for Dy* = DY, and DY,. Experimental results are taken
from Tables VII and IX.

Mode Theory Expt.
Dy D* /Dy D° 0.49 0.91 = 0.73
Dy, D*" /Dy D* 0.49 0.59 + 0.26
D' D*/D'TD° 3.6 34%+24
D D" /Dy D* 3.6 26+ 15

Sy = a(mp + mD*)mnglng_,AfD*(m%;I )

— a; BD* (2
S2 = 2y Mo A ) )
a; "
S-=—-2—— m~ , VBD m2/ .
3 mg ¥ My D.rlfD.sl ( D.\l)

We consider the ratios I'(B — D~ D*)/T'(B — D¥*" D)
for Dy* = D7,(2317) and D’;(2460) which have the ad-
vantage of being a, fp=~ independent. The results are ex-
hibited in Table X where uses of the B — D* form factors
from [43] have been made. It is evident that the predictions

are consistent with experiment.

V. B — D*K DECAYS

The experimental branching ratio products of B® decays
to D¥*T K~ and D¥*~ 7t are summarized in Table XI. The
decay B — DK~ can only proceed through the
W-exchange diagram, whereas B® — D~ 7" does re-
ceive an external W-emission contribution which is, how-
ever, Cabibbo-Kobayashi-Maskawa suppressed. From
Table XI it is obvious that I'(B* — Dy K~) = I'(B® —
D K™). These two decays can only proceed via a short-
distance W-exchange process or through the long-distance
final-state rescattering processes B — D7~ — DF K~
and B® — Di*7~ — D’y K. (In fact, the rescattering
process has the same topology as W exchange.) Since
BB —- D 7 )=28X103> B(B"— DIK"), it is
thus expected that the decay B° — D} K~ is dominated by
the long-distance rescattering process. As B(B" —
Dytmr™)<1.8X 107* [30], we will naively conclude
that I'(B°— DifK™)/T(B*— DfK™) =~ T'(B* —
Dy 7)) /T(B°— D*7~) <0.06, where we have as-

PHYSICAL REVIEW D 74, 034020 (2006)

sumed that the rescattering effects of D™ 7~ — DK~
and Dyt 7~ — D% K~ are similar. This is obviously in
contradiction to experiment. Nevertheless, if D%;(2317)*
is a bound state of c35dd [9], then a tree diagram will
contribute and this may allow us to understand why
I'(B°— DifK")=T(B°— DjK").

For B® — D¥*~ 7" decays, we obtain

B(B®— Dy mt) = (2.6599) X 1076,

i, (GRY)
BB — D'imt)=(1.5+04) X107
They are consistent with the experimental limits: B(B° —
Diym*)<25%X107° and B(B'— D 7")<2.7X
1073, where use has been made of Eq. (4.3).

VI. CONCLUSIONS

We have studied the production of even-parity charmed
mesons in hadronic B decays, namely, the Cabibbo-
allowed decays B — D**7r and D* D™, The main conclu-
sions are the following:

(i) We have shown that the measured color-allowed
decays B® — D*** 77 are consistent with the theo-
retical expectation. However, the experimental ob-
servation of B~ — D**07~ for the broad D** states
is rather astonishing as it requires that a color-
suppressed decay amplitude be larger than the
color-allowed one, although the former is 1/my,,
suppressed in the heavy quark limit.

(i1) Itis found that, in order to accommodate the data of
B — D™, the real part of a,/a, has a sign oppo-
site to that in B — D decays, where a, and a, are
the effective parameters for color-allowed and
color-suppressed decay amplitudes, respectively.
This indicates that a, is process dependent and
the nonfactorizable contributions to color-
suppressed amplitudes are not universal; that is,
they are process dependent.

(iii) The decay constants and form factors for D** and
the Isgur-Wise functions 7;/,(w) and 73/,(w) are
extracted from the B — D**7r data. The Isgur-Wise
functions calculated in the covariant light-front
quark model are in good agreement with
experiment.

TABLE XI. Experimental branching ratio products (in units of 107%) of B decays to D;*" K~ and D*~ ™ where D¥,, D', stand for

the strange charmed mesons D7,(2317) and D’,(2460), respectively.

Mode BABAR [64] Belle [65] Average
BB — DI K") 0.25 + 0.04 + 0.04 0.24+0.10 + 0.7 0.25 + 0.06
B(B* — Dy w*) 0.13 = 0.03 = 0.02 0.467011 = 0.13 0.14 + 0.04
B(B" — D*f K")B(D*j — D 7°) 0.44 = 0.08 = 0.06 = 0.11 0.44 = 0.15
B(B® — D;TK_)B(DZT — D}y) <0.086 <0.086
B(B — Dy 7 VB(Dy — D ) <025 oo
B(B® — DIy m*)B(D)] — D;y) <0.04 <0.04
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(iv) The color-suppressed modes B° — D**979 for
broad D** states and B® — D’(2430)w are pre-
dicted to have branching ratios of order 107*.
Robust lower bounds on B® — {D}, D{’}#° can be
derived from the isospin argument.

(v) The decay constants of D7(2317) and D/, (2460)
are inferred from the measurements of B — D**~ D
to be 58—86 MeV and 130-200 MeV, respectively.
The large disparity between fp and f D, is sur-
prising and unexpected. The ratios I'(B—
D%y D*)/T(B — D%y D) smaller than unity and
I'(B— D;;D*)/T(B— D;;D) larger than unity
are confirmed by experiment.

(vi) The observation that the production of Dif K~ is
larger than D] K~ may imply a four-quark struc-
ture for the scalar charmed meson D7,.

There are two main puzzles concerning B — D** 7 de-
cays, namely, why the color-suppressed amplitude domi-
nates in the broad D** production in charged B decays, and
why the sign of a,/a, is different from that in B — D
decays. Thus far, we have analyzed the B — D**7 and
D"~ D decays within the phenomenological framework of
generalized factorization. In the QCD factorization ap-

PHYSICAL REVIEW D 74, 034020 (2006)

proach, the parameter a, is not calculable, owing to the
presence of infrared divergence caused by the gluon ex-
change between the emitted D** meson and the (Bw)
system. That is, the nonfactorizable contribution to a, is
dominated by nonperturbative effects.

In soft-collinear effective theory, the color-suppressed
B? — D*%7% decay is proved to be factorizable. More
precisely, its amplitude factors into a pion light-cone
wave function and a B — D™ soft distribution function
rather than being like the naive a, factorization as shown in
Eq. (3.23) [57,66]. However, it is difficult to make a
quantitative prediction in SCET at this stage and it is not
clear to us if SCET can provide an explanation of why the
sign of a,/a, flips from B — D to B — D** 7.
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