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Decay processes B → Dð�Þ
ðsÞh (h ¼ π, ρ) are studied in the framework of the confined covariant quark

model using the naïve factorization assumption. We observe that the theoretical results on branching
fractions have a tendency to systematically exceed the experimental numbers. Such a behavior has already
been seen for similar processes by other authors.
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I. INTRODUCTION

The recent measurements by the Belle [1] and LHCb [2]
Collaborations complement the previous BABAR results
[3–5] on B decays into D particles and pions. Including
also reactions with the ϱ meson in the final state [5–8], we
focus in this analysis on a set of decay processes with a
rich mix of properties. The processes differ in spin and
flavor structure and are described by various diagram
topologies. Rather than addressing some specific ques-
tion, we see several broader motivations for our study.
First, we are interested in the ability of the confined
covariant quark model (CCQM) to describe the exper-
imental branching fraction values as established from the
new measurements. The importance of their good theo-
retical understanding stems from the fact that several of
the studied decay channels have a clean experimental
signature measured with a high statistical significance and
thus play an important role of a relative reference for
processes, which are more difficult to measure. Further, in
the framework we use, we rely on the naïve factorization
assumption, which we in this way also indirectly test. The
assumption is presumed valid for the processes with the
spectator quark entering theDmeson, which is justified in
the heavy-quark limit [9]. The latter can be no longer
upheld if the spectator quark becomes part of the light
meson. In addition, our description of the chosen proc-
esses depends on five CKM matrix elements, i.e., on all

except Vus and those related to the top quark. So, our
ability to describe various decay processes within a single
framework can be also seen as a probe and a consistency
check of the weak sector understanding. Finally, our
previous works covered most of the interesting nonlep-
tonic Bðc;sÞ decays [10–14]. B decays to light unflavored
mesons andD particles were within the CCQM not treated
up to now.
In Sec. II we review the description of the selected

decays in the Standard Model a provide formulas for
amplitudes and decay widths. In Sec. III the main features
of the CCQM are discussed and hadronic form factors are
computed. In the last section we present results and
conclude the text.

II. AMPLITUDES AND DECAY WIDTHS

B mesons can decay only weakly via the internal W
exchange. Two-body decays have three different quark
topologies shown in Fig. 1.
The annihilation topology is not taken into account

since its contribution can be neglected (see Sec. 3.3.6
of [9]).
The weak decays are described in the effective

theory approach based on a Hamiltonian con-
structed from four-fermion operators Qi weighted by
scale-dependent Wilson coefficients CiðμÞ and CKM
factors Vi

Heff ¼ −
GFffiffiffi
2

p
X

ViCiðμÞQi;

where GF is the Fermi constant and Vi ¼ Vq1;q2V
†
q3;q4 . At

leading order two operators play a role,
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Q1 ¼ ððq1Þi1ðq2Þi2ÞV−Aððq3Þi2ðq4Þi1ÞV−A;
Q2 ¼ ððq1Þi1ðq2Þi1ÞV−Aððq3Þi2ðq4Þi2ÞV−A;

ðq̄1q2ÞV−A ≡ q̄1Oμq2 ¼ q̄1γμð1 − γ5Þq2;

where i1;2 are color indices and q represents quark fields.
The calculation of the matrix elements describing the

nonleptonic decays of the B meson into Dð�Þ
ðsÞ and light

mesons πðρÞ proceeds in our CCQM by analogy with the
decays of the Bc meson into charmonium and DðDsÞ
meson (for great details, see Ref. [10]). A pictorial
representation of the matrix elements is shown in Fig. 2.
By using the Fierz transformations one can show that
diagram (b) with color-suppressed topology is equal to
diagram (a) times the prefactor ξ ¼ 1=Nc. This corresponds
to the so-called factorization hypothesis. Therefore, the
combinations of the Wilson coefficients appear as a1 ¼
C2 þ ξC1 and a2 ¼ C1 þ ξC2. In the numerical calcula-
tions we set the color-suppressed parameter ξ to zero. Then
one has

a1 ¼ C2 ¼ 1.0111; and a2 ¼ C1 ¼ −0.2632: ð1Þ

We take values of the Wilson coefficients from [15], where
they were computed at the matching scale μ0 ¼ 2MW at the
NNLO precision and run down to the hadronic scale
μb ¼ 4.8 GeV.
Due to the above-mentioned factorization, the matrix

elements of two-body nonleptonic decays split into leptonic
weak decay of the one daughter meson and weak transition
of the B meson into another daughter meson. The leptonic

weak decays are characterized by the weak leptonic decay
constants which have been reliably calculated in our
previous papers.
The matrix elements of the B → H transition can be

described with help of covariant form factors where the
form of the parametrization depends on the spin of H.
For pseudoscalar particles (H ¼ PS) and vector particles
(H ¼ V) one has

hPS½q̄3;q2�ðpHÞjq̄1Oμq2jB½q̄3;q1�ðpbÞi
¼ Fþðq2ÞPμ þ F−ðq2Þqμ;

hV ½q̄3;q2�ðpH; ϵÞjq̄1Oμq2jB½q̄3;q1�ðpbÞi

¼ ϵ†ν
mH þmV

½−gμνP · qA0ðq2Þ þ PμPνAþðq2Þ

þ qμPνA−ðq2Þ þ iεμναβ PαqβVðq2Þ�:

Here the momenta P ¼ pB þ pH and q ¼ pB − pH are the
sum and the difference of the ingoing and outgoing
momenta, respectively. Because operators Q1;2 do not
contain σμνqν terms, the corresponding tensor form factors
do not enter our analysis. It is convenient to define helicity
form factors

(i) B → PS

Ht ¼
1ffiffiffiffiffi
q2

p ½ðm2
B −m2

HÞFþ þ q2F−�;

H0 ¼
2mBjp2jffiffiffiffiffi

q2
p Fþ;

(ii) B → V

Ht ¼
1

mB þmH

mBjp2j
mH

ffiffiffiffiffi
q2

p
× ½ðm2

B −m2
HÞðAþ − A0Þ þ q2A−�;

H� ¼ 1

mB þmH
½−ðm2

B −m2
HÞA0 � 2mBjp2jV�;

H0 ¼
1

mB þmH
½−ðm2

B −m2
HÞðm2

B −m2
H − q2ÞA0

þ 4m2
Bjp2j2Aþ�;

with jp2j¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λKälle

´
nðm2

B;m
2
H;m

2
H0 Þ

q
=2mB being the momen-

tum of the final state particles H and H0 in the rest frame
of B.
The decay width formula depends on the diagram

topology and spin structure. The studied processes can
be organized in Table I in the following way. The diagram
D1 describes the contribution proportional to the Wilson
coefficient a1, the diagram D2 describes the contribution
proportional to the Wilson coefficient a2, and the diagram

FIG. 2. Pictorial representation of the matrix elements of the
nonleptonic B decays with color-favored (a) and color-suppressed
(b) topologies.

FIG. 1. Quark diagrams with three different topologies: color
favored (a), color suppressed (b), and annihilation (c).
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D3 describes the contribution proportional to the mixture of
a1 and a2. Such diagram types are depicted in Fig. 3.
For the processes listed in Table I we underline the part

containing the transition of the spectator quark, for the D3

case we apply this rule to the first of the two diagrams. The
D1=2=3 decays are sometimes referred to as class-1=2=3
processes [16], D2 are called color suppressed. In our
analysis we do not distinguish between u and d quarks and
denote both by q. In order to make the decay width
formulas compact we introduce the symbol θ0 which takes
the value 1=

ffiffiffi
2

p
if an unflavored light neutral meson is in

the final state and is equal to one otherwise. The formulas
for the D1 decays are

Γ½A;D1�ðS1 → S2 þ S3Þ ¼
G2

F

16π

jp2j
m2

S1

jθ0Vq1q2V
†
q3q4a1fS3mS3 j2

× fHS1→S2
t ðm2

S3
Þg2;

Γ½B;D1�ðS1 → S2 þ VÞ ¼ G2
F

16π

jp2j
m2

S1

jθ0Vq1q2V
†
q3q4a1fVmV j2

× fHS1→S2
0 ðm2

VÞg2;

Γ½C;D1�ðS1 → V þ S2Þ ¼
G2

F

16π

jp2j
m2

S1

jθ0Vq1q2V
†
q3q4a1fS2mS2 j2

× fHS1→V
t ðm2

S2
Þg2;

Γ½D;D1�ðS → V1 þ V2Þ ¼
G2

F

16π

jp2j
m2

S
jθ0Vq1q2V

†
q3q4a1fV2

mV2
j2

×
X
i¼0;�

fHS1→V1

i ðm2
V2
Þg2:

The decay formulas for the color-suppressed D2 processes
can be written as a function of those for D1:

Γ½a1;a2�
½X;D2� ðB → H þH0Þ ¼ Γ½a2;a1�

½X;D1�ðB → H þH0Þ;

where the roles of the a1 and a2 coefficients are swapped.
The decay widths of the D3 processes are given by

Γ½A;D3�ðS1 → S2 þ S3Þ ¼
G2

F

16π

jp2j
m2

S1

θ20jVq1q2V
†
q3q4 j2

× fa1fS3mS3H
S1→S2
t ðm2

S3
Þ

þ a2fS2mS2H
S1→S3
t ðm2

S2
Þg2;

Γ½B;D3�ðS1 → S2 þ VÞ ¼ G2
F

16π

jp2j
m2

S1

θ20jVq1q2V
†
q3q4 j2

× fa1fVmVH
S1→S2
0 ðm2

VÞ
þ a2fS2mS2H

S1→V
t ðm2

S2
Þg2;

Γ½C;D3�ðS1 → V þ S2Þ ¼
G2

F

16π

jp2j
m2

S1

θ20jVq1q2V
†
q3q4 j2

× fa1fS2mS2H
S1→V
t ðm2

S2
Þ

þ a2fVmVH
S1→S2
0 ðm2

VÞg2;

Γ½D;D3�ðS → V1 þ V2Þ ¼
G2

F

16π

jp2j
m2

S
θ20jVq1q2V

†
q3q4 j2

×
X
i¼0;�

fa1fV2
mV2

HS→V1

i ðm2
V2
Þ

þ a2fV1
mV1

HS→V2

i ðm2
V1
Þg2:

The last ingredient necessary for the evaluation of
decay widths are the hadronic form factors. Because
of their nonperturbative nature, one has to rely on aFIG. 3. Diagram structures D1, D2, and D3.

TABLE I. Classification of processes.

Diagram type

Spin structure D1 D2 D3

(A) PS→PSþPS B0→D−þπþ

B0→π−þDþ

B0→π−þDþ
s

Bþ→π0þDþ
s

B0→π0þD̄0 Bþ→D̄0þπþ

(B) PS→PSþV B0→D−þϱþ

B0→π−þD�þ
s

Bþ→π0þD�þ

Bþ→π0þD�þ
s

B0→π0þD�0 Bþ→D̄0þϱþ

(C) PS→VþPS B0→D�−þπþ

B0→ϱ−þDþ
s

Bþ→ϱ0þDþ
s

B0→ϱ0þD̄0 Bþ→D�0þπþ

(D) PS→VþV B0→D�−þϱþ

B0→ϱ−þD�þ
s

Bþ→ϱ0þD�þ
s

B0→ϱ0þD�0 Bþ→D�0þϱþ
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model-dependent approach. We evaluate these form factors
within the CCQM.

III. HADRONIC FORM FACTORS IN CCQM

The description of nonleptonic heavy meson decays in
the framework of the CCQM was already presented several
times [10–14,17]. We summarize here the most important
attributes of our approach.
The CCQM uses the schemewhere a hadron is before the

interaction converted into its constituent quarks. This is
expressed by the nonlocal effective Lagrangian

Lint ¼ gMMðxÞJMðxÞ þ H:c:;

JMðxÞ ¼
Z

dx1

Z
dx2FMðx; x1; x2Þq̄2ðx2ÞΓMq1ðx1Þ;

which guarantees a full Lorentz covariance. The interaction
strength between the mesonic field M and its interpolating
quark current JM is given by the coupling gM. The current is
constructed from quark fields q, an appropriate Dirac
matrix ΓM, and a vertex function FM. The latter is chosen
to have a translational invariant form

FMðx; x1; x2Þ ¼ δðx − w1x1 − w2x2ÞΦM½ðx1 − x2Þ2�

with wi ¼ mqi=ðmq1 þmq2Þ, so that the meson position x
can be interpreted as the barycenter of the quark system.
The function ΦM is taken Gaussian in the momentum
representation

ΦM½ðx1 − x2Þ2� ¼
Z

d4k
ð2πÞ4 e

−ikðx1−x2ÞΦ̃Mð−k2Þ;

Φ̃Mð−k2Þ ¼ ek
2=Λ2

M :

Here ΛM is a free parameter of the model which character-
izes the meson M.
The presence of both hadrons and quarks raises concerns

about the double counting. We remedy the latter by
applying the so-called compositeness condition [18]

ZM ¼ 1 − g2MΠ0
Mðm2

MÞ ¼ 0; ð2Þ

which originates in the works [19–21]. Here Π0
M is the

derivative of the mass operator corresponding to the self–
energy diagram of the meson field fluctuating into a pair of
quarks. Setting the renormalization constant Z1=2

M to zero
implies that the physical and the corresponding bare state
have no overlap, i.e., the physical state does not contain the
bare state and is therefore interpreted as bound. The
condition effectively excludes the constituent degrees of
freedom from the space of physical states because the
constituents exist in virtual states only. The equality in (2) is
reached by an appropriate choice of gM and in this way the
coupling constants are determined and do not appear as
model parameters.
Another notable feature of the CCQM is the confining

property. So as to prevent hadrons from decaying into
quarks in situations where the hadron mass is greater than
those of constituent quarks summed, an infrared cutoff 1=λ2

FIG. 4. Form factors of transitions which determine the investigated decays.
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is introduced as an upper integration limit in the integration
over the space of Schwinger parameters. The latter appear
in the parametrization of quark propagators, which become,
after the cutoff being applied, entire functions with all
possible thresholds in the corresponding quark loop dia-
grams removed (more details given in [22], Sec. II C).
The evaluation of hadronic form factors within the

CCQM proceeds via standard computation techniques
based on evaluation of the corresponding Feynman dia-
grams. For the B → PS and B → V transition the form
factors are given by

Fþðq2ÞPμ þF−ðq2Þqμ

¼ 3gBgH
4π2

Z
d4k
4π2i

Φ̃B½−ðkþwbpBÞ2�Φ̃H½−ðkþwqipHÞ2�

×Tr½Sqiðkþ pHÞOμSbðkþ pBÞγ5SqsðkÞγ5�;
ϵ�Hν

mB þmH
½−gμνPqA0ðq2Þ þPμPνAþðq2Þ

þ qμPνA−ðq2Þ þ iεμναβPαqβVðq2Þ�

¼ 3gBgH
4π2

Z
d4k
4π2i

Φ̃B½−ðkþwbpBÞ2�Φ̃H½−ðkþwqipHÞ2�

×Tr½Sqiðkþ pHÞOμSbðkþ pBÞγ5SqsðkÞ ϵHμγ
μ�:

Here qs and qi denote the spectator and the interacting
quark of H, respectively (H being PS or V), S represents
quark propagators and ϵH the polarization vector ofH ≡ V.
Giving the vertex functions the above-mentioned Gaussian
form and writing the propagators in the Schwinger repre-
sentation, one performs the loop integration and applies
the infrared cutoff in the integration over the Schwinger
parameters, this last integration being done numerically.
The model parameters were determined in our previous
works [18,23] and their numerical values are shown in
Table II. The predicted behavior of form factors in four
studied transitions is shown in Fig. 4.

IV. RESULTS, CONCLUSION

Our results are summarized in Table III. All model
parameters have been fixed using a χ2 fit to data (leptonic
decay constants, variuos coupling constants, etc.), taking
into account their experimental uncertainties. By propa-
gating these, we estimate the errors of our parameters to be
at the level of 10% which then translates as a 20% error of
our results.
The precision of the description of the experimental

data is limited, as seen in Fig. 5. The central values of the

CCQM numbers are in agreement with those measurements
which provide upper limits and in two other cases they lay
inside 1σ error of the measured value. For the rest, the
CCQM provides mostly fair estimates of the experimental
numbers, usually within the factor of 2. However, also
in these situations the difference in terms of standard

TABLE II. CCQM parameters. Values are in GeV.

ΛB ΛD ΛD� ΛDs
ΛD�

s
Λπ Λρ mb ms mq λ

1.96 1.60 1.53 1.75 1.56 0.87 0.61 5.04 0.428 0.241 0.181

TABLE III. Computed branching fractions compared with
experimental measurements [24].

Process Diagram BCCQM=E BPDG=E E

1 B0→D−þπþ D1 5.34�1.07 2.52�0.13 10−3

2 B0→π−þDþ D1 11.19�2.24 7.4�1.3 10−7

3 B0→π−þDþ
s D1 3.48�0.70 2.16�0.26 10−5

4 Bþ→π0þDþ
s D1 1.88�0.38 1.6�0.5 10−5

5 B0→D−þρþ D1 14.06�2.81 7.6�1.2 10−3

6 B0→π−þD�þ
s D1 3.66�0.73 2.1�0.4 10−5

7 Bþ→π0þD�þ D1 0.804�0.16 <3.6 10−6

8 Bþ→π0þD�þ
s D1 0.197�0.04 <2.6 10−4

9 B0→D�−þπþ D1 4.74�0.95 2.74�0.13 10−3

10 B0→ρ−þDþ
s D1 2.76�0.55 <2.4 10−5

11 Bþ→ρ0þDþ
s D1 0.149�0.03 <3.0 10−4

12 B0→D�−þρþ D1 14.58�2.92 6.8�0.9 10−3

13 B0→ρ−þD�þ
s D1 5.09�1.02 4.1�1.3 10−5

14 Bþ→ρ0þD�þ
s D1 0.275�0.06 <4.0 10−4

15 B0→π0þD̄0 D2 0.085�0.02 2.63�0.14 10−4

16 B0→π0þD̄�0 D2 1.13�0.23 2.2�0.6 10−4

17 B0→ρ0þD̄0 D2 0.675�0.14 3.21�0.21 10−4

18 B0→ρ0þD̄�0 D2 1.50�0.30 <5.1 10−4

19 Bþ→ D̄0þπþ D3 3.89�0.78 4.68�0.13 10−3

20 Bþ→ D̄0þρþ D3 1.83�0.37 1.34�0.18 10−2

21 Bþ→ D̄�0þπþ D3 7.60�1.52 4.9�0.17 10−3

22 Bþ→ D̄�0þρþ D3 11.75�2.35 9.8�1.7 10−3

FIG. 5. CCQM branching fraction predictions compared with
the experimental values listed in the PDG [24]. Processes are
numbered as in Table III.
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deviations can be large, if the measured point has a small
error. From this point of view large deviations are seen for
color-suppressed processes1 (15)(17) and for those with
B → Dð�Þ transition (1)(9)(21). Since the factorization
assumption has no solid justification for the color-sup-
pressed decays we address, we attribute the observed
difference in (15)(17) to its breaking. Concerning processes
(1)(9)(21), they have rather small experimental errors
which may partly explain the large differences in terms
of sigmas. One may also notice that they share the same set
of form factors which implies correlation in their behavior
and one indeed observes important overestimation also
for other B → Dð�Þ processes, e.g., (5)(12). Actually, an
overestimation is seen for almost all D1 and D3 decays
[with the exception of (19)], the overestimation is just more
pronounced for some processes than for others. Such a
systematic shift is somewhat surprising, but we are not the
first to observe it, see [25,26]. The authors of [27] notice the
same behavior in similar decays too. They argue that it is
difficult to provide a solid explanation within the Standard
Model and thus propose new physics mechanisms. Our

results seem to confirm their observations, which they label
as a “novel puzzle.” New physics explanations are also
investigated in [28]. The comparison of our results with
those of other authors is shown in Table IV.
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