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We investigate weak nonleptonic decays of B mesons emitting two pseudoscalar (P ) mesons for the
CabibboÄKobayashiÄMaskawa enhanced as well as suppressed modes. We employ the quark diagram
approach at SU(3) symmetry for various weak quark-level processes responsible for these decays.
Several relations are obtained among their decay amplitudes and the corresponding branching fractions,
for which some experimental data exist.
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INTRODUCTION

Understanding nonleptonic weak decays is crucial for testing the Standard Model, and on
the potential effects of physics beyond it. Particularly, nonleptonic weak decays of B mesons
are interesting because their studies are vital for extracting information about the strong
interaction interplay with the weak processes [1Ä8]. However, due to the nonperturbative
strong interactions involved in these decays, the task is hampered for the computation of matrix
elements between the initial and the ˇnal hadron states. In order to deal with these complicated
matrix elements, usually the naé	ve and QCD factorization schemes [9Ä25], including probable
ˇnal state interactions (FSI) [26Ä33], have been employed to predict branching fractions of
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nonleptonic decays of B mesons. For some channels of B decays, however, the factorization
calculations appear to be in clear disagreement with current measurement [34Ä38]. The semi-
phenomenological analyses of two-body decays of heavy 
avor mesons have indicated the
presence of large nonfactorizable contributions [39Ä48], especially for the color suppressed
decays. These decays have also been studied using 
avor SU(3) symmetry [49Ä51], where
various dynamical factors get lumped into a few reduced matrix elements, which are generally
determined using some experimental results. Fortunately, the experimental progress for weak
semileptonic and nonleptonic decays of the bottom mesons during the last years has been
really astounding, due to which a good amount of experimental data now exist [52], which
have inspired several theoretical works [53Ä60] on the weak decays of B mesons.

In the present work, we have studied B → PP weak decays investigating contributions
arising from various quark-level weak interaction processes. Due to the strong interaction
interference, like FSI and nonfactorizable contributions, on these processes, it is not possible
to calculate their contributions reliably. For instance, weak annihilation and W-exchange
contributions, which are naively expected to be suppressed in comparison with the W-emission
terms, may become signiˇcant due to possible nonfactorizable effects arising through soft-
gluon exchange around the weak vertex. Since such effects are not calculable from the ˇrst
principles, we employ the model-independent topological diagram approach, naively called
Topological Quark Diagram Scheme (hereafter referred to as TQDS) [61Ä73]; wherein decay
amplitudes (referred to as topological amplitudes) can be expressed independently in terms
of the topologies of possible quark 
avor diagrams like: a) the external W-emission diagram,
b) the internal W-emission diagram, c) the W-exchange diagram, d) the W-annihilation, and
e) the W-loop diagram, and parameterize their contributions to B-meson decays. The QDS
has already been shown [71, 72] to be a useful technique for heavy-
avor weak decays.

In Sec. 1, we construct the weak Hamiltonian responsible for the B → PP decays.
Choosing appropriate components of the weak quark-level processes, we then obtain several
straightforward relations among their decay amplitudes in the CabibboÄKobayashiÄMaskawa
(CKM) enhanced as well as suppressed modes in Sec. 2. In Sec. 3, we proceed to derive
corresponding relations among their branching fractions in the TQDS using SU(2)-isospin,
SU(2)−U spin, 
avor SU(3) frameworks. In this analysis, we have considered only those
decays for which some experimental data exist to establish the applicability of the TQDS.
Consequently, predictions of some of the decay branching fractions are also made, which can
provide further tests of the scheme. Summary and discussion are given in the last section.

1. WEAK HAMILTONIAN

To the lowest order in weak interaction, the nonleptonic Hamiltonian has the usual cur-
rent ⊗ current form

Hw =
GF√

2
J+

μ Jμ + h.c., (1)

where the weak current Jμ is given by

Jμ =
(
ū c̄ t̄

)
γμ(1 − γ5)

⎛
⎝ d′

s′

b′

⎞
⎠ . (2)
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Weak eigenstates (d′, s′ and b′) are related to the mass eigenstates (d, s and b) through the
CabibboÄKobayashiÄMaskawa mixing. The weak Hamiltonian generating the b-quark decays
is thus given by

HΔb=1
w =

GF√
2

[VubV
∗
cd(ūb)(d̄c) + VubV

∗
cs(ūb)(s̄c) + VubV

∗
ud(ūb)(d̄u) + VubV

∗
us(ūb)(s̄u)+

+ VcbV
∗
ud(c̄b)(d̄u) + VcbV

∗
us(c̄b)(s̄u) + VcbV

∗
cs(c̄b)(s̄c) + VcbV

∗
cd(c̄b)(d̄c)]. (3)

The color and space-time structure is omitted. Selection rules for various decay modes
generated by the Hamiltonian are given below:

(i) CKM enhanced modes: ΔC = 1, ΔS = 0; ΔC = 0, ΔS = −1;
(ii) CKM suppressed modes: ΔC = 1, ΔS = −1; ΔC = 0, ΔS = 0;
(iii) CKM doubly suppressed modes: ΔC = ΔS = −1; ΔC = −1, ΔS = 0.

Since only quark ˇelds appear in the Hamiltonian, the B-meson decays are seriously affected
by the strong interactions. One usually identiˇes the two scales in these decays: short-
distance scale, at which W-exchange takes place, and long-distance scale, where ˇnal state
hadrons are formed. The short-distance effects are calculable using the perturbative QCD,
which are expressed in terms of certain QCD coefˇcients. The long-distance effects being
nonperturbative are the source of major problems in obtaining the decay amplitudes from the
Hamiltonian, even after including the short-distance modiˇcations.

There are many ways that the quarks produced in a weak nonleptonic process can arrange
themselves into ˇnal state hadrons. All B-meson decays can be expressed topologically in
terms of a few quark-level diagrams [71Ä73]: a) the external W-emission diagram, b) the
internal W-emission diagram, c) the W-exchange diagram, d) the W-annihilation, and e) the
W-loop penguin diagram. Initially, it was expected that W-exchange and W-annihilation
diagrams are suppressed due to the helicity and color considerations, and the penguin diagrams,
involving W-loop, contribute to only two out of six decay modes. Thus, the dominant
quark-level process apparently seems to involve W-emission, in which light quark in the
B meson behaves like spectator. However, measurements of some of B-meson decays have
challenged this naé	ve and simple picture, and it is now established that the nonspectator
contributions [39Ä48] may play a signiˇcant role in understanding the weak decays of heavy-

avor hadrons. In fact, exchange of the soft gluons around the weak vertex also enhances
such nonspectator contributions from the W-exchange, W-annihilation and W-loop diagrams.
Unfortunately, these effects, being nonperturbative, cannot be determined unambiguously from
the ˇrst principles. The QCD sum rules approach [74] has been used to estimate them, but
so far it has not given reliable results.

In the absence of the exact dynamical calculations, we have employed the quark diagram
scheme [61Ä73] to investigate contributions from different weak quark-level diagrams. Such
a scheme gives a model-independent way to analyze data to test the mechanism of the various
quark-level processes, and to make useful predictions for the meson decays. The decay
amplitudes are obtained using the valence quark structure of the particles involved in the
B-meson decays. Using the tensorial notation, the decay amplitudes are then obtained from
the following contractions:

HΔb=1
w = [a(BmP i

mP k
n ) + d(BiPm

n P k
m)]Hn

[i,k] + [a′(BmP i
mP k

n )+

+ d′(BiPm
n P k

m)]Hn
(i,k) + [c(BnPm

n P i
m)]Hi. (4)
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The brackets [, ] and (, ), respectively, denote antisymmetrization and symmetrization among
the indices i, k. In the 
avor SU(4), the b quark behaves like singlet, and u, d, s, and c quarks
form a quartet. Thus, the Hamiltonian for Δb = 1 weak process belongs to the representations
appearing in

4∗ ⊗ 1 ⊗ 4∗ ⊗ 4 = 4∗ ⊕ 4∗ ⊕ 20′ ⊕ 36∗. (5)

The weak spurion Hi, Hn
[i,k] and Hn

(i,k) belong to the 4∗, 20′, and 36∗ representations,

respectively [75]. However, we do not use the complete SU(4)-TQDS due to SU(4) being
badly broken, and exploit the TQDS at the SU(3) level through the following SU(4) →
SU(3) decomposition:

4∗ ⊃ 3∗ ⊕ 1,

20′ ⊃ 8 ⊕ (6 ⊕ 3∗) ⊕ 3,

36∗ ⊃ 6∗ ⊕ (15 ⊕ 3∗) ⊕ (8 ⊕ 1) ⊕ 3.

(6)

The SU(3)-TQDS relates ΔC = 1, ΔS = 0 mode with ΔC = 1, ΔS = −1; ΔC = 0,
ΔS = −1 mode with ΔC = 0, ΔS = 0; and ΔC = ΔS = −1 mode with ΔC = −1,
ΔS = 0. The tensor Bi denotes the parent B mesons:

B1 = B−(ūb), B2 = B̄0(d̄b), B3 = B̄0
s(s̄b), B4 = B−

c (c̄b). (7)

The P i
j denotes bottomless pseudoscalar mesons with the quark content (q̄iqj). Using SU(3)

nonet (or SU(4) sixteenplet) symmetry, the diagonal states are taken to be:

π0 + η sin θp + η′ cos θp√
2

,
−π0 + η sin θp + η′ cos θp√

2
, −η cos θp + η′ sin θp, ηc, (8)

where the mixing angle θp = θideal − φP ; φP = −15.4◦ follows from the radiative decay
widths [76Ä78], and ηc(c̄c) is taken to be charmonium singlet (ideal mixing). The physical
mesons η, η′ are deˇned as follows [53Ä60]:(

η
η′

)
=

(
cosφP − sinφP

sin φP cosφP

) (
η8

η1

)
, (9)

where the 
avor wave functions of η8 and η1 are given by

η8 =
1√
6
(uū + dd̄ − 2ss̄), (10)

η1 =
1√
3
(uū + dd̄ + ss̄). (11)

There exists a straight correspondence between the terms appearing in (4) and various
topological quark-level diagrams. The terms with coefˇcients (a + a′) represent external
W-emission, (a − a′) represent internal W-emission, the terms with coefˇcients (d − d′)
represent W-exchange, and (d + d′) Å for W-annihilation processes. The last term, hav-
ing coefˇcient c, represents the W-loop penguin diagram contributions. In addition, all the
QCD effects have been absorbed in these parameters, the following contractions may also be
constructed in the light of nonet (or sixteenplet) symmetry:

+[h (BiP k
n Pm

m )]Hn
[i,k] + [h′(BiP k

n Pm
m )]Hn

(i,k), (12)

+[f(BiPm
n Pn

m) + f ′(BiPm
m Pn

n ) + f ′′(BnP i
nPm

m )]Hi. (13)
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However, these terms correspond to the OZI violating diagrams, which are expected to be
suppressed, and hence are ignored in the present scheme.

2. DECAY AMPLITUDES RELATIONS

Choosing the relevant components of the Hamiltonian given in (3), we obtain the decay
amplitudes in the SU(3) quark-diagram scheme for B → PP , for which some experimental
results are available. Depending upon the weak quark-level processes involved in these
decays, we have categorized their relations given below in three different ways:

1) Only single weak process (W-emission or W-exchange or W-annihilation) contributes,
(A, B, C and D).

2) Combination of two (or more) weak processes (other than penguin diagram) contributes,
(E, F and G).

3) Combination of penguin diagram with other weak processes contributes, (H and I).
A. W-External Emission:

A(B̄0
s → π−D+

s ) = Vud/VusA(B̄0 → K−D+), (14)
√

2A(B− → π0D−
s ) = A(B̄0 → D−

s π+), (15)

A(B̄0
s → K+D−) = Vcd/VcsA(B̄0 → π+D−

s ). (16)

B. W-Internal Emission:

A(B̄0
s → K0ηc) = Vcd/VcsA(B− → K−ηc) = Vcd/VcsA(B̄0 → K̄0ηc), (17)

A(B̄0
s → ηcη) = − cos θpA(B− → ηcK

−), (18)

A(B̄0
s → K0D0) = Vud/VusA(B̄0 → K̄0D0). (19)

C. W-Emission (Both):

A(B− → π−D0) = Vud/VusA(B− → K−D0). (20)

D. W-Exchange Only:

A(B̄0 → K−K+) = Vdu/VusA(B̄0
s → π+π−), (21)

A(B̄0
s → π0π0) = A(B̄0

s → π+π−), (22)

A(B̄0 → D̄0D0) = A(B̄0 → D−
s D+

s ) = Vdc/VscA(B̄0
s → D−D+), (23)

√
2A(B̄0

s → π0D0) = Vus/VudA(B̄0 → K−D+
s ). (24)

E. W-External Emission and W-Exchange:

A(B̄0
s → D+

s K−) = Vus/VudA(B̄0 → π−D+), (25)

A(B̄0
s → D−

s K+) = Vcs/VcdA(B̄0 → π+D−). (26)

F. W-Internal Emission and W-Exchange:

A(B̄0 → ηD0) = tan θpA(B̄0 → η′D0). (27)

G. W-Emission Both and W-Annihilation:

A(B− → π−η) = tan θpA(B− → π−η′). (28)
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H. W-External Emission and Penguin:

A(B̄0 → D+D−
s ) = A(B− → D−

s D0), (29)

A(B̄0
s → D−D+

s ) = A(B− → D−D0). (30)

I. W-Exchange Only and Penguin:

A(B̄0 → π0η′) = cot θpA(B̄0 → π0η). (31)

Note, that the relations (15), (22) and (29) follow from the SU(2) isospin framework, and (14),
(16), (19)Ä(21), (25), (26) from the SU(2)−U spin for TQDS.

3. RELATIONS AND PREDICTIONS FOR BRANCHING FRACTIONS

The decay rate formula for B → PP has the generic form [61Ä70]:

Γ(B → PP ) = (nonkinematic factors)2
(

k

8πm2
B

)
|A|2, (32)

where k is the 3-momentum of the ˇnal states and is given by

k = |p1| = |p2| =
1

2mB

{
(m2

B − (m1 + m2)2)(m2
B − (m1 − m2)2)

}1/2
. (33)

Several relations are obtained between branching fractions of the decays of B−, B̄0, and B̄0
s

mesons, corresponding to the decay amplitude relations given in the previous section. We have
used the available experimental values to check the consistency of the relations obtained and
to predict the branching fractions of some of the decay not observed so far. We give our
values just below the branching relations. These values are obtained by multiplying the known
experimental value by the factor (given on RHS). For instance, in relation (35), branching
fraction of B(B− → π0D−

s ) is obtained by multiplying the experimental value of branching
fraction B(B̄0 → D−

s π+) = (2.16± 0.26) · 10−5 by the factor 0.53 given in (35). Similar to
the decay amplitude relations, we have categorized relations among the branching fractions
according to the contributions arising from one or more of the weak quark diagrams. We have
distinguished the b → s penguin process from that of b → d.

A. W-External Emission:

B(B̄0
s → π−D+

s ) = 18.65B(B̄0 → K−D+),

(3.04 ± 0.23) · 10−3, (3.67 ± 0.39) · 10−3,
(34)

B(B− → π0D−
s ) = 0.53B(B̄0 → D−

s π+),

(1.6 ± 0.5) · 10−5, (1.14 ± 0.13) · 10−5,
(35)

B(B̄0
s → K+D−) = 0.051B(B̄0 → π+D−

s ), (0.11 ± 0.01) · 10−5. (36)

B. W-Internal Emission:

B(B̄0
s → K0ηc) = 17.91B(B− → K−ηc) = 18.94B(B̄0 → K̄0ηc),

(1.7 ± 0.2) · 10−2, (1.5 ± 0.2) · 10−2,
(37)

B(B̄0
s → ηcη) = 0.37B(B− → ηcK

−), (3.5 ± 0.4) · 10−4, (38)

B(B̄0
s → K0D0) = 18.73B(B̄0 → K̄0D0), (9.7 ± 1.3) · 10−4. (39)
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C. W-Emission (Both):

B(B− → π−D0) = 19.42B(B− → K−D0),

(4.81 ± 0.15) · 10−3, (7.18 ± 0.41) · 10−3.
(40)

D. W-Exchange Only:

B(B̄0 → K−K+) = 19.45B(B̄0
s → π+π−),

(1.3 ± 0.5) · 10−7, (14.8 ± 3.7) · 10−6,
(41)

B(B̄0
s → π0π0) = 0.50B(B̄0

s → π+π−),

< 2.1 · 10−4, (3.8 ± 0.9) · 10−6,
(42)

B(B̄0 → D̄0D0) = 1.06B(B̄0 → D−
s D+

s ) = 19.5B(B̄0
s → D−D+),

< 4.3 · 10−5, < 3.8 · 10−5,
(43)

B(B̄0
s → π0D0) = 0.026B(B̄0 → K−D+

s ), (0.05 ± 0.01) · 10−5. (44)

E. W-External Emission and W-Exchange:

B(B̄0
s → D+

s K−) = 0.05B(B̄0 → π−D+) (45)

and
B(B̄0 → π+D−) = 0.06B(B̄0

s → D−
s K+). (46)

Experimentally B(B̄0
s → D±

s K±) = (2.03±0.28)·10−4 is available, for which, combining
the above two relations, we obtain

B(B̄0
s → D±

s K±) = 0.05B(B̄0 → π−D+) + 16.67B(B̄0 → π+D−),

(2.03 ± 0.28) · 10−4, (1.47 ± 0.03) · 10−4.
(47)

F. W-Internal Emission and W-Exchange:

B(B̄0 → ηD0) = 1.54B(B̄0 → η′D0),

(2.36 ± 0.32) · 10−4, (2.13 ± 0.25) · 10−4.
(48)

G. W-Emission Both and W-Annihilation:

B(B− → π−η) = 1.53B(B− → π−η′),

(4.02 ± 0.27) · 10−6, (4.1 ± 1.4) · 10−6.
(49)

H. W-External Emission and Penguin:

B(B̄0 → D+D−
s ) = 0.94B(B− → D−

s D0),

(7.2 ± 0.8) · 10−3, (8.8 ± 1.7) · 10−3,
(50)

B(B̄0
s → D−D+

s ) = 0.91B(B− → D−D0), (3.4 ± 0.4) · 10−4. (51)

I. W-Exchange Only and Penguin:

B(B̄0 → π0η) = 1.53B(B̄0 → π0η′),

< 1.5 · 10−6, (1.8 ± 0.9) · 10−6.
(52)
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We note that except for the relation (41), the relations obtained here are generally found to
be consistent within experimental values. It may be remarked that the relations (34) to (44)
among the decays involving only one weak process remain unaffected by any change of
phase of the decay amplitudes, which may arise due to elastic FSI. However, other kind of
relations, (40), (45) to (52), where two or more weak processes contribute, may be affected
by the relative phase factor [49Ä51]. Further, it may also be noted that the relations (35), (42)
and (50) follow from the TQDS at isospin level, and hence are found to be more reliable.

For branching fraction relation (41), which occurs only through the W-exchange diagram,
we show large deviation from the experimental values. One may assign this discrepancy to the
possible SU(3) breaking, indicating that the probability for s̄s-pair production through soft
gluons is probably less as compared to that of d̄d pair. However, seeing the large discrepancy,
we suggest a new measurement of branching fractions of these decays to resolve the issue.

4. SUMMARY AND CONCLUSION

Reasonably good amount of experimental data is now available for B meson decaying to
two pseudoscalar mesons. Theoretically, these decays are usually studied using the factoriza-
tion scheme, which expresses the decay amplitudes in terms of certain meson decay constants
and mesonÄmeson form factors. However, this scheme is unable to explain the experimental
results, even after including hard QCD effects and possible phase differences. This may
happen because of possible soft gluon exchange effects around the weak vertex, which may
enhance the contributions of W-exchange, W-annihilation and W-loop processes. Since these
effects are not extractable from the ˇrst principles, we have investigated the B-meson decays
employing the framework of Topological Quark Diagram Scheme. Firstly, we have obtained
decay amplitude relations among B to PP decays using SU(2) isospin, SU(2)−U spin, and
SU(3) for the TQDS. Afterwards, relations among their corresponding branching fractions
have been derived in Sec. 3, giving experimental results wherever available. We make the
following observations:

• The relations (34), (35), (37), (48), (49), and (50) are consistent with the experimental
data within the errors. The relations based upon SU(2) are found to be in better agreement,
whereas those based on the SU(2)−U spin or 
avor SU(3) framework seem to show little
deviation. So, TQDS seems to hold good validity for these hadronic weak decays of B mesons.

• Using the available branching fraction of the observed decays, we also predict the
branching fraction of several decays in (36)Ä(39), (42), (44), (51), and (52). Explicitly,

B(B̄0
s → K+D−) = (0.11 ± 0.01) · 10−5, B(B̄0

s → K0ηc) = (1.7 ± 0.2) · 10−2, B(B̄0
s →

ηcη) = (3.5 ± 0.4) · 10−4, B(B̄0
s → K0D0) = (9.7 ± 1.3) · 10−4, B(B̄0

s → π0π0) = (3.8±
0.9) · 10−6, B(B̄0

s → π0D0) = (0.05± 0.01) · 10−5, B(B̄0
s → D−D+

s ) = (3.4 ± 0.4) · 10−4,

B(B̄0 → π0η) = (1.8 ± 0.9) · 10−6. Measurement of branching fractions of these decays
would help to ascertain the validity of TQDS.

• It may further be noted that the experimental branching fractions for the relations (40)
and (47) have the same order, though different magnitudes. This may happen due to the
possible phase differences between the two weak processes involved in the decays.

• Observed discrepancy in (41) requires special consideration. One may be tempted to
hold SU(3) breaking responsible for this gap. However, looking at the large discrepancy, we
suggest new measurements for the decays involved in these relations to resolve the issue.
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• Generally, W -exchange and W -annihilation diagrams are expected to be suppressed due
to the helicity and color considerations. In the SU(3)-based analysis of charmless decays of
B mesons, these diagrams are expected to be suppressed because of the factor fB/mB ∼ 5%.
In some cases, their contributions may not be negligible, particularly, when nonfactorizable
soft gluon exchanges occur. Available measurements of B(B̄0 → K−K+), B(B̄0

s → π+π−),
and B(B̄0 → K−D+

s ) clearly establish the presence of these diagrams, though their branching
fractions are smaller than that of the decays arising from the W-emission diagrams.

Acknowledgements. Two of the authors R. C.Verma and R.Dhir thank C. S. Kim for the
hospitality at Department of Physics, Yonsei University, Seoul (Korea), where part of this
work was done. Acknowledgement is also due to the National Research Foundation of Korea
(NRF), Korea Government of the Ministry of Education, Science and Technology (MEST)
for the partial support through the grants (No. 2011-0017430) and (No. 2011-0020333).

REFERENCES

1. Wirbel M. Description of Weak Decays of D and B Mesons // Prog. Part. Nucl. Phys. 1988. V. 21.
P. 33.

2. Berkelman K., Stone S. L. Decays of B Mesons // Annu. Rev. Nucl. Part. Sci. 1991. V. 41. P. 1.

3. Browder T. E., Honscheid K. B Mesons // Prog. Part. Nucl. Phys. 1995. V. 35. P. 81.

4. Browder T. E., Honscheid K., Pedrini D. Nonleptonic Decays and Lifetimes of b-Quark and c-Quark
Hadrons // Annu. Rev. Nucl. Part. Sci. 1996. V. 46. P. 395.

5. Lingel K., Skwarnicki T., Smith J. G. Penguin Decays of B Mesons // Annu. Rev. Nucl. Part. Sci.
1998. V. 48. P. 253.

6. Cheng H. Y., Smith J. G. Charmless Hadronic B-Meson Decays // Annu. Rev. Nucl. Part. Sci. 2009.
V. 59. P. 215.

7. Hurth T., Nakao M. Radiative and Electroweak Penguin Decays of B Mesons // Annu. Rev. Nucl.
Part. Sci. 2010. V. 60. P. 645.

8. Bevan A. J. et al. (BaBar and Belle Collabs.). The Physics of the B Factories. arXiv:1406.6311
[hep-ph].

9. Bauer M., Stech B., Wirbel M. Exclusive Nonleptonic Decays of D, D(s) and B Mesons //
Z. Phys. C. 1987. V. 34. P. 103.

10. Isgur N. et al. Semileptonic B and D Decays in the Quark Model // Phys. Rev. D. 1989. V. 39.
P. 799.

11. Deandrea A. et al. Two-Body Nonleptonic Decays of B and B(s) Mesons // Phys. Lett. B. 1993.
V. 318. P. 549.

12. Katoch A. C., Verma R.C. Weak Decays of B− and anti-B0 Mesons to a Pseudoscalar Meson and
a Tensor Meson Involving a b → c Transition // Phys. Rev. D. 1995. V. 52. P. 1717.

13. Katoch A. C., Verma R. C. Weak Decays of B− Mesons and anti-B̄0 Mesons to a Pseudoscalar and
a Scalar Meson in the Final State // Intern. J. Mod. Phys. A. 1996. V. 11. P. 129.

14. Ali A. B Decays in the Standard Model: Status and Perspectives // Acta Phys. Polon. B. 1996.
V. 27. P. 3529.

15. Ali A., Kramer G., Lu C.D. Experimental Tests of Factorization in Charmless Nonleptonic Two-
Body B Decays // Phys. Rev. D. 1998. V. 58. P. 094009.

16. Xing Z. Z. Measuring CP Violation and Testing Factorization in B(d) → D∗+ −D+- and B(s) →
D∗(s)+ − D(s)+-Decays // Phys. Lett. B. 1998. V. 443. P. 365.



348 Kaur Maninder et al.

17. He X. G., Hou W. S., Yang K.C. Indications for ReVub < 0 from Rare B-Decay Data // Phys. Rev.
Lett. 1999. V. 83. P. 1100.

18. Chen Y.H. et al. Charmless Hadronic Two-Body Decays of B(u) and B(d) Mesons // Phys. Rev. D.
1999. V. 60. P. 094014.

19. Suzuki M. Selection Rules in Three-Body B Decays from Factorization // Phys. Rev. D. 2000.
V. 62. P. 091502.

20. Cheng H. Y., Chua C. K. The B-CP Puzzles in QCD Factorization // Nucl. Phys. Proc. Suppl. 2010.
V. 207. P. 391.

21. Wang W. F., Xiao Z. J. The Semileptonic Decays B/Bs → (π,K)(�+�−, �ν, νν−) in the Perturba-
tive QCD Approach beyond the Leading Order // Phys. Rev. D. 2012. V. 86. P. 114025.

22. Wang Z.G. Strong Decay of the Heavy Tensor Mesons with QCD Sum Rules // Eur. Phys. J. C.
2014. V. 74. P. 3123.

23. Bazavov A. et al. (Fermilab Lattice and MILC Collabs.). Charmed and Light Pseudoscalar Meson
Decay Constants from Four-Flavor Lattice QCD with Physical Light Quarks. arXiv:1407.3772v1
[hep-lat].

24. Sun J. et al. Phenomenological Study of the Bc → BP , BV Decays with Perturbative QCD
Approach // Phys. Rev. D. 2014. V. 89. P. 114019.

25. Qin Q. et al. Perturbative QCD Study of Bs Decays to a Pseudoscalar Meson and a Tensor Meson //
Phys. Lett. B. 2014. V. 732. P. 36.

26. Donoghue J. F. et al. Systematics of Soft Final State Interactions in B Decay // Phys. Rev. Lett.
1996. V. 77. P. 2178.

27. Zenczykowski P. Nonleptonic Charmed Meson Decays: Quark Diagrams and Final State Interac-
tions // Acta Phys. Polon. B. 1997. V. 28. P. 1605.

28. Neubert M. Rescattering Effects, Isospin Relations and Electroweak Penguins in B → πK Decays //
Phys. Lett. B. 1998. V. 424. P. 152.

29. Suzuki M. The Final State Interaction in the Two-Body Nonleptonic Decay of a Heavy Particle.
arXiv:9807414 [hep-ph].

30. Zenczykowski P. Coupled Channel Final State Interactions through Reggeon Exchange for D(B) →
ππ, KK̄ // Phys. Lett. B. 1999. V. 460. P. 390.

31. Petrov A. A. Final State Interactions: From Strangeness to Beauty. arXiv:9909312v1 [hep-ph].

32. Cheng H. Y. Effects of Final State Interactions in Hadronic B Decays // Intern. J. Mod. Phys. A.
2006. V.21. P. 650.

33. Petrov A. A. Implications of Final State Interactions in B Decays // J. Phys. Conf. Ser. 2007. V. 69.
P. 012010.

34. Beneke M., Buchalla G. The Bc Meson Lifetime // Phys. Rev. D. 1996. V. 53. P. 4991.

35. Beneke M. et al. QCD Factorization for B → πK Decays. arXiv:0007256 [hep-ph].

36. Hennessy D.C. et al. (CLEO Collab.). Study of Two-Body B Decays to Kaons and Pions: Obser-
vation of B → π+π−, B → K+ − π0, and B → K0π0 Decays. arXiv:0001010 [hep-ex].

37. Beneke M. et al. QCD Factorization for Exclusive, Nonleptonic B-Meson Decays: General Argu-
ments and the Case of Heavy Light Final States // Nucl. Phys. B. 2000. V. 591. P. 313.

38. Neubert M. Introduction of B Physics. arXiv:0001334 [hep-ph].

39. Soares J. M. Nonfactorizable Terms in Hadronic B-Meson Weak Decays // Phys. Rev. D. 1995.
V. 51. P. 3518.

40. Kamal A. N. et al. Nonfactorization in Hadronic Two-Body Cabibbo Favored Decays of D0

and D+ // Phys. Rev. D. 1996. V. 53. P. 2506.



Topological Diagram Analysis of Bottom Meson Decays Emitting Two Pseudoscalar Mesons 349

41. Verma R.C. SU(3) Flavor Analysis of Nonfactorizable Contributions to D → PP Decays // Phys.
Lett. B. 1996. V. 365. P. 377.

42. Verma R. C. Searching a Systematics for Nonfactorizable Contributions to Hadronic Decays of D0

and D+ Mesons // Z. Phys. C. 1996. V. 69. P. 253.

43. Katoch A. C., Sharma K. K., Verma R. C. Isospin Analysis of Nonfactorizable Contributions to
Hadronic Decays of Charm Mesons // J. Phys. G. 1997. V. 23. P. 807.

44. Sharma K.K., Katoch A. C., Verma R.C. Nonfactorizable Contributions to Charm Meson (D →
PP ) Decays // Z. Phys. C. 1997. V. 76. P. 311.

45. Terasaki K. Nonfactorizable Contributions in Hadronic Weak Decays of Charm Mesons // Phys.
Rev. D. 1999. V. 59. P. 114001.

46. Shamali F.M. A., Kamal A. N. Nonfactorization in Cabibbo Favored B Decays // Ibid. P. 054020.

47. Verma R. C. Charmed Hadronic Weak Decays and Nonfactorizable Contributions // Ind. J. Pure &
Appl. Phys. 2000. V. 38. P. 395.

48. Zhu G. Implications of the Recent Measurement of Pure Annihilation Bs → π+π− Decays in QCD
Factorization // Phys. Lett. B. 2011. V. 702. P. 408.

49. Chiang C.W., Gronau M., Rosner J. L. Two-Body Charmless B Decays Involving η and η′ // Phys.
Rev. D. 2003. V. 68. P. 074012.

50. Chiang C.W. et al. Charmless B → PP Decays Using Flavor SU(3) Symmetry // Phys. Rev. D.
2004. V. 70. P. 034020.

51. Chiang C.W. et al. Charmless B → V P Decays Using Flavor SU(3) Symmetry // Ibid. V. 69.
P. 034001.

52. Beringer J. et al. (Particle Data Group Collab.) // Phys. Rev. D. 2012. V. 86. P. 010001.

53. Cheng H. Y., Chua C.K., Hwang C. W. Covariant Light-Front Approach for s-Wave and p-Wave
Mesons: Its Application to Decay Constants and Form Factors // Phys. Rev. D. 2004. V. 69.
P. 074025.

54. Dhir R., Verma R. C. Nonfactorizable Contributions to Hadronic Decays of D Mesons // J. Phys. G.
2007. V. 34. P. 637.

55. Dhir R., Sharma N., Verma R.C. Flavor Dependence of B/c+ Meson Form Factors and B/c− →
PP Decays // J. Phys. G. 2008. V. 35. P. 085002.

56. Cheng H. Y., Chua C.K. B to V, A, T Tensor Form Factors in the Covariant Light-Front Approach:
Implications on Radiative B Decays // Phys. Rev. D. 2010. V. 81. P. 114006.

57. Cheng H. Y., Chua C.K. On Charmless B → Khη(′) Decays with Kh = K, K∗, K∗0(1430),
K∗2(1430) // Ibid. V. 82. P. 034001.

58. Verma R.C. Decay Constants and Form Factors of s-Wave and p-Wave Mesons in the Covariant
Light-Front Quark Model // J. Phys. G. 2012. V. 39. P. 025005.

59. Faustov R. N., Galkin V.O. Charmless Weak Bs Decays in the Relativistic Quark Model // Phys.
Rev. D. 2013. V. 87. P. 094028.

60. Sun J., Yang Y., Lu G. Study of the Bc → Bsπ Decay with the Perturbative QCD Approach // Sci.
China: Phys. Mech. Astro. 2014. V. 57. P. 1891.

61. Zeppenfeld D. SU(3) Relations for B-Meson Decays // Z. Phys. C. 1981. V. 8. P. 77.

62. Chau L. L., Cheng H. Y. B Decays without Final State Charm Particles and CP Noninvariance //
Phys. Rev. Lett. 1987. V. 59. P. 958.

63. Chau L. L., Cheng H. Y. In Search of |V (ub)| in Nonleptonic Decays from the Quark Diagram
Scheme // Phys. Lett. B. 1987. V. 197. P. 244.

64. Savage M. J., Wise M. B. SU(3) Predictions for Nonleptonic B-Meson Decays // Phys. Rev. D.
1989. V. 39. P. 3346.



350 Kaur Maninder et al.

65. Savage M. J., Wise M. B. Erratum: SU(3) Predictions for Nonleptonic B-Meson Decays // Phys.
Rev. D. 1989. V. 40. P. 3127.

66. Chau L. L. et al. Charmless Nonleptonic Rare Decays of B Mesons // Phys. Rev. D. 1991. V. 43.
P. 2176.

67. Gronau M. et al. Decays of B Mesons to Two Light Pseudoscalars // Phys. Rev. D. 1994. V. 50.
P. 4529.

68. Gronau M. et al. Broken SU(3) Symmetry in Two-Body B Decays // Phys. Rev. D. 1995. V. 52.
P. 6356.

69. Gronau M. et al. Electroweak Penguins and Two-Body B Decays // Ibid. P. 6374.

70. Chau L. L., Cheng H. Y., Tseng B. Analysis of Two-Body Decays of Charmed Baryons Using the
Quark Diagram Scheme // Phys. Rev. D. 1996. V. 54. P. 2132.

71. Verma R.C., Sharma A. Quark Diagram Analysis of b → vv Weak Decays Including Smearing
Effects // Phys. Rev. D. 2001. V. 64. P.114018.

72. Verma R. C., Sharma A. Quark Diagram Analysis of Weak Hadronic Decays of B/c+ Meson //
Phys. Rev. D. 2002. V. 65. P. 114007.

73. Oh S. Flavor SU(3) Symmetry and Factorization in B Decays to Two Charmless Vector Mesons //
Phys. Rev. D. 1999. V. 60. P. 034006.

74. Khodjamirian A., Ruckl R. Heavy Meson Form Factors, Couplings and Exclusive Decays in QCD //
Nucl. Phys. B (Proc. Suppl.). 1995. V. 39. P. 396.

75. Sheikholeslami S.M., Verma R.C. Two-Body Mesonic Decays of B Mesons in SU(4) // Intern. J.
Mod. Phys. A. 1992. V. 7. P. 3691.

76. Feldmann T., Kroll P., Stech B. Mixing and Decay Constants of Pseudoscalar Mesons // Phys.
Rev. D. 1998. V. 58. P. 114006.

77. Feldmann T., Kroll P., Stech B. Mixing and Decay Constants of Pseudoscalar Mesons: The Sequel //
Phys. Lett. B. 1999. V. 449. P. 339.

78. Feldmann T. Quark Structure of Pseudoscalar Mesons // Intern. J. Mod. Phys. A. 2000. V. 15.
P. 159.

Received on October 13, 2014.


