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We discuss the decay of Bc mesons into two light mesons ð�;Kð�Þ; �ð0Þ; �; !;�Þ. All these decay

channels come from a single type of diagram, namely, tree annihilation. This allows us to derive extremely

simple SUð3Þ relations among these processes. The size of annihilation contributions is an important issue

in B physics, and we provide two different estimates in the case of nonleptonic charmless Bc decays,

either a comparison with annihilation decays of heavy-light mesons or a perturbative model inspired by

QCD factorization. We finally discuss a possible search for these channels at LHCb.
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I. INTRODUCTION

The investigation of the properties of the Bc meson
started in 1998 when the CDF Collaboration observed
20.4 events containing a Bc in the channel Bc ! J=c l�
[1]. Since then, its mass and width have been measured [2],
and bounds on some nonleptonic channels have been set
(J=c with one or three pions, D�þ �D0 . . .). From the
theoretical point of view, the Bc meson shares many fea-
tures with the better known quarkonia, with the significant
difference that its decays are not mediated through strong
interaction but weak interaction due to its flavor quantum
numbers B ¼ �C ¼ �1. Theoretical investigations have
been carried out on the properties of the Bc meson, such as
its lifetime, its decay constant, and some of its form factors
[3], based on operator product expansion [4,5], potential
models [6,7], nonrelativistic QCD and perturbative meth-
ods [8–11], sum rules [12–15], or lattice gauge simulations
[16–19]. The properties of the Bc meson will be further
scrutinized by the LHC experiments; the high luminosity
of the LHC machine opens the possibility to observe many
Bc decay channels beyond the discovery one, in particular,
at LHCb.

This article is focused on the two-body nonleptonic
charmless Bc decays. Indeed, the charmless Bc decays

with two light mesons ð�;Kð�Þ; �ð0Þ; �; !;�Þ in the final
states come from a single diagram: the initial b and c
quarks annihilate into a charged weak boson that decays
into a pair formed of a u and a d=s quark, which hadronize
into the two light mesons. This picture is rather different
from processes such as Bc ! J=c� for which the initial c
quark behaves as a spectator. The recent high-precision
measurements of the Bu;d;s and Ds decays indicate that

such annihilation processes can be significant, contrary to
the theoretical expectation of their suppression in the
heavy-quark limit [20–23]. Indeed, fits of the data not
taking into account annihilation processes are generally

of poor quality (see the examples in B ! PV and B !
VV decay channels [24–27]).
But the understanding of these contributions remains

limited. The theoretical computation of annihilation dia-
grams is very difficult, so that the annihilation contribu-
tions are often considered as a free parameter in these
decays. On the other hand, in many Bu;d;s decays, these

annihilation contributions come from several different op-
erators (tree and penguin), and they interfere with many
different other (nonannihilation) diagrams, making it diffi-
cult to obtain an accurate value of annihilation by fitting
experimental data. For this reason, the processes such as
Bd ! KþK�, Bd ! D�

s K
þ, Bu ! D�

s K
0, where only the

annihilation diagram contributes, have been intensively
worked out while the current experimental measurements
are still of limited accuracy.
The nonleptonic charmless Bc decays which we discuss

in this article can have an important impact on this issue.
We have 32 decay channels which come from annihilation
only, as mentioned above. Moreover, these decays involve
a single tree operator, which allows us to derive extremely
simple relations among the different decay channels.
Finally, when LHCb starts running and observes the pattern
of (or at least, provides bounds for) the branching
fractions of these decays channels, it will certainly help
us to further improve our understanding of the annihilation
contributions.
The remainder of the article is organized as follows. In

Sec. II, we introduce the decay processes which we con-
sider in this article. In Sec. III, we exploit SUð3Þ flavor
symmetry to derive relations among amplitudes for non-
leptonic charmless Bc decays. In Sec. IV, we discuss
theoretical issues related to this annihilation diagram and
attempt to estimate its size. In Sec. V, we discuss the
prospects of searching nonleptonic charmless Bc decays
at LHCb, and we conclude in Sec. VI. Two appendixes are
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devoted to relating our work to results from factorization
approaches.

II. NONLEPTONIC CHARMLESS Bc DECAYS AS
PURE ANNIHILATION PROCESSES

The diagram for the nonleptonic charmless Bc decays is
shown in Fig. 1 (the case of singlet states will be discussed
below). The initial �b and c quarks annihilate into u and �d or
�s quarks, which form two light mesons by hadronizing with
a pair of q �q (q ¼ u, d, s) emitted from a gluon. There are
32 decay channels of this kind if we consider only the
lightest pseudoscalar and vector mesons. In the case of two
outgoing pseudoscalar mesons (PP), there are 4 modes
with strangeness one,

Kþ�0; Kþ�;Kþ�0; K0�þ;

and 4 modes with strangeness zero,

�þ�0; �þ�;�þ�0; Kþ �K0:

The same applies for two vectors (VV) up to the obvious
changes:

K�þ�0; K�þ�;K�þ!;K�0�þ; �þ�0; �þ�;�þ!;K�þ �K�0:

In the case of VP decays, one can get two decay modes
from one in PP decays, depending on the pseudoscalar
meson which is turned into a vector one, yielding 8 strange
decay modes (�S ¼ 1 processes),

K�þ�0; K�þ�;K�þ�0; K�0�þ; �0Kþ; �Kþ; !Kþ; �þK0;

and 8 nonstrange decay modes (�S ¼ 0 processes),

�þ�0; �þ�;�þ�0; K�þ �K0; �0�þ; ��þ; !�þ; �K�0Kþ:

In the next section, we describe these decay channels in
terms of a few reduced amplitudes using SUð3Þ flavor
symmetry. Similar expressions have been obtained for
the charmless Bu;d decays, which have been very useful

to disentangle the rather complicated decay amplitudes of
these decays containing many different contributions (tree,
penguin, emission, annihilation, etc. . . .) [28–30]. Com-
pared to the case of Bu;d decays, the SUð3Þ relations for the
Bc decays are extremely simple, as they come from only a
single tree-annihilation diagram as mentioned earlier.

The theoretical computation of the process shown in
Fig. 1 amounts to determining the matrix element:

hh1h2jH eff jBci; (1)

whereH eff is the effective Hamiltonian which we discuss
later on. This matrix element contains contributions com-
ing from the q �q state (i) produced perturbatively from one-
gluon exchange linking the dot and one of the crosses in
Fig. 1 and (ii) produced through strong interaction in the
nonperturbative regime. Which type of these two contri-
butions dominates this matrix element is an important issue
in the theoretical computation of the hadronic B decays. In
many approaches to nonleptonic B decays [26,31–34], it
has been pointed out that annihilation diagrams may be
sizable, with a large imaginary part, so that they have an
important impact on the phenomenology ofCP violation in
B decays. Indeed, their contributions seem to be needed to
bring agreement between theoretical computations and
experimental results. There might be a significant differ-
ence in the annihilation contributions for B and Bc decays
since the Bc is likely to be considered as a heavy-heavy
system rather than a heavy-light one. We will discuss the
theoretical estimation of the annihilation diagram in more
detail in Sec. IV.

III. RELATIONS FROM SUð3Þ FLAVOR
SYMMETRY

In this section, we derive relations among the decay
channels relying on the SUð3Þ flavor symmetry between
u, d, and s quarks. Following [35], we first write down the
charmless Bc decays in terms of the reduced amplitudes
using the Wigner-Eckart theorem.
Let us first see the possible SUð3Þ representation of the

external states. The initial state, Bþ
c , is a singlet under

SUð3Þ, whereas the outgoing state is the product of two
mesons, which can be either both in the octet representa-
tion or in one octet and one singlet representations. We
have therefore outgoing states which transform as

8� 8 ¼ 1þ 8S þ 8A þ 10þ 10�; 1� 8 ¼ 8I; (2)

where the subscripts allow one to distinguish between the
three different octet representations involved. We sand-
wich the operators induced by the weak interaction
Hamiltonian between these external states to obtain the
amplitudes for the Bc decays. The weak Hamiltonian for
such transitions is given by

H eff ¼ �GFffiffiffi
2

p ½VudV
�
cbO

�S¼0 þ VusV
�
cbO

�S¼1�; (3)

where the operators are

O �S¼0 ¼ �u��ð1� �5Þd �c��ð1� �5Þb; (4)

O �S¼1 ¼ �u��ð1� �5Þs �c��ð1� �5Þb: (5)

These two operators are both SUð3Þ octets and have the
following SUð3Þ tensor structures:

O �S¼0: ðY; I; I3Þ ¼ ð0; 1; 1Þ; (6)
FIG. 1. Generic diagram for the nonleptonic charmless Bc

decays.
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O �S¼1: ðY; I; I3Þ ¼ ð0; 1=2; 1=2Þ; (7)

where ðY; I; I3Þ denotes hypercharge, isospin, and isospin
projection, respectively. Since Bc charmless decays in-
volve only operators in an octet representation, one can
use the Wigner-Eckart theorem to express all the decay
amplitudes in terms of three reduced matrix elements:

(i) A reduced amplitude S ¼ h8SjjO8jj1i from the sym-
metric product of the two incoming octet mesons.

(ii) A reduced amplitude A ¼ h8AjjO8jj1i from the anti-
symmetric product of the same representations.

(iii) A reduced amplitude I ¼ h8IjjO8jj1i from the
product of an octet and a singlet meson.

The operator O can be O�S¼0 or O�S¼1. Note that the
values of the reduced quantities S, A, I are in principle
different for the PP, VP, or VV final states. The Wigner-
Eckart theorem requires one to compute the Clebsch-
Gordan coefficients describing the projection of a given
8� 8 and 8� 1 final state onto the two octet operators of
interest. These coefficients can be easily determined by
combining the usual SUð2Þ Clebsch coefficients with the
so-called isoscalar coefficients given in Ref. [36].

Finally, we must consider the different symmetry prop-
erties of the outgoing states (P and V) as discussed in
Ref. [37]. For PP decays, where the wave function of the
final state is symmetric, only S contributes, apart from the
case of final states containing � or �0 where both S and I
are present. For VP decays, the amplitude gets contribu-
tions from S and A (and I for final states containing �, �0,
!, or �). For VV decays, there are three amplitudes
corresponding to the three possible polarizations (or equiv-
alently partial waves) allowed for the outgoing state. The
wave function is symmetric for S and D waves and anti-
symmetric for the P wave, so that the matrix element S
contributes to S and D waves, whereas A contributes to P
waves. I contributes only to S and D waves of outgoing
states containing �, ! mesons.

A comment is in order on the mixing of the mesons
containing SUð3Þ singlet states. The �, �0, !, � mesons
are mixtures of the SUð3Þ octet (�8 or !8) and singlet (�0

or !0) flavor states

j�ð!Þi ¼ cos�pðvÞj�8ð!8Þi þ sin�pðvÞj�0ð!0Þi; (8)

j�0ð�Þi ¼ � sin�pðvÞj�8ð!8Þi þ cos�pðvÞj�0ð!0Þi; (9)

where j�8i and j!8i have the flavor composition ju �uþ
d �d� 2s�si= ffiffiffi

6
p

, and j�0i and j!0i are ju �uþ d �dþ s�si= ffiffiffi
3

p
.

The determination of the mixing angles �p;v is an impor-

tant phenomenological issue in understanding the nature of
these particles. Since we do not aim at a high accuracy in
our SUð3Þ analysis, we will adopt the following values for

the mixing angles which are not very far from the phe-
nomenological determinations:

tan�p ¼ 1

2
ffiffiffi
2

p ; tan�v ¼ ffiffiffi
2

p
: (10)

These angles correspond to the ideal mixing for the vector
sector,

! ¼ ðu �uþ d �dÞ= ffiffiffiffi
2;

p
� ¼ s�s; (11)

and also yield a simple expression of the pseudoscalar
mesons:

� ¼ ðu �uþ d �d� s�sÞ= ffiffiffiffi
3;

p
�0 ¼ ðu �uþ d �dþ 2s�sÞ= ffiffiffi

6
p

:

(12)

The nonideal mixing of the ð�;�0Þ mesons is linked to the
Uð1ÞA anomaly (see, e.g., Refs. [38,39]). This value of the

pseudoscalar mixing angle �p ¼ arctanð2 ffiffiffi
2

p Þ�1 ’ �19:5�

is close to phenomenological determination, e.g. from the
J=c radiative decays, �p ’ �22� [40]. Let us stress that

for the light mesons, we take the same phase conventions
as in Ref. [26], so that some amplitudes have a minus sign
with respect to those obtained from Ref [36].1

A. PP modes

Taking into account the Clebsch-Gordan coefficients
together with the issue of octet-singlet mixing, we obtain
the following amplitudes for the PP modes:

Mode Amplitude Mode Amplitude

Kþ�0
ffiffiffiffi
3
10

q
SPP �þ�0 0

K0�þ
ffiffi
3
5

q
SPP Kþ �K0

ffiffi
3
5

q
SPP

Kþ� � 2
3
ffiffi
5

p SPP þ
ffiffi
2

p
3 IPP �þ� 4

3
ffiffi
5

p SPP þ
ffiffi
2

p
3 IPP

Kþ�0 1
3
ffiffiffiffi
10

p SPP þ 4
3 I

PP �þ�0 � 1
3

ffiffi
2
5

q
SPP þ 4

3 I
PP

Here and in the following tables, these amplitudes must be

multiplied by GF=
ffiffiffi
2

p
and also the appropriate Cabibbo-

Kobayashi-Maskawa (CKM) factor VuDV
�
cb withD ¼ d or

s. We notice the relations

AðBþ
c ! K0�þÞ ¼ ffiffiffi

2
p

AðBþ
c ! Kþ�0Þ

¼ 	̂AðBþ
c ! Kþ �K0Þ (13)

1In detail, ð� �u; �d; �sÞ transform as an antitriplet [37], which
means that there is a (� 1) phase between the conventions of
Refs. [26,36] for the pseudoscalar mesons ��, �0, K�, �, �0 and
the vector mesons ��, �0, K��, �,!. We have multiplied all the
amplitudes by a further (� 1) factor, so that the differences
between our results and those obtained using Ref. [36] are
limited to a (� 1) factor for the decay amplitudes for K0�þ,
Kþ �K0 and their vector counterparts.
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with the Cabibbo-suppressing factor 	̂ ¼ Vus=Vud. The above relations are valid in the exact SUð3Þ limit (for instance, we

have SPP ¼ SK
þ�0 ¼ SK

0�þ ¼ SK
þ �K0

). Obviously, these relations have some interest only if the size of SUð3Þ breaking
remains limited—we will discuss this issue in Sec. IV.

B. VP modes

For the VP modes, we have for the strange modes

Mode Amplitude Mode Amplitude

Kþ��0 1
2

ffiffi
3
5

q
SVP þ 1

2
ffiffi
3

p AVP !Kþ � 1
2
ffiffiffiffi
15

p SVP � 1
2
ffiffi
3

p AVP þ
ffiffi
2
3

q
IVP

�0Kþ 1
2

ffiffi
3
5

q
SVP � 1

2
ffiffi
3

p AVP �Kþ 1ffiffiffiffi
30

p SVP þ 1ffiffi
6

p AVP þ 1ffiffi
3

p IVP

K�þ� � 1
3

ffiffi
2
5

q
SVP þ

ffiffi
2

p
3 AVP þ 1

3 I
VP �þK0

ffiffiffiffi
3
10

q
SVP � 1ffiffi

6
p AVP

K�þ�0 1
6
ffiffi
5

p SVP � 1
6A

VP þ 2
ffiffi
2

p
3 IVP K�0�þ

ffiffiffiffi
3
10

q
SVP þ 1ffiffi

6
p AVP

and for the nonstrange modes

Mode Amplitude Mode Amplitude

�þ�0 1ffiffi
3

p AVP !�þ 1ffiffiffiffi
15

p SVP þ
ffiffi
2
3

q
IVP

�0�þ � 1ffiffi
3

p AVP ��þ �
ffiffiffiffi
2
15

q
SVP þ 1ffiffi

3
p IVP

�þ� 2
3

ffiffi
2
5

q
SVP þ 1

3 I
VP K�þ �K0

ffiffiffiffi
3
10

q
SVP � 1ffiffi

6
p AVP

�þ�0 � 1
3
ffiffi
5

p SVP þ 2
ffiffi
2

p
3 IVP �K�0Kþ

ffiffiffiffi
3
10

q
SVP þ 1ffiffi

6
p AVP

providing the simple relations

AðBþ
c ! K�0�þÞ ¼ ffiffiffi

2
p

AðBþ
c ! K�þ�0Þ

¼ 	̂AðBþ
c ! �K�0KþÞ; (14)

AðBþ
c ! �þK0Þ ¼ ffiffiffi

2
p

AðBþ
c ! �0KþÞ

¼ 	̂AðBþ
c ! K�þ �K0Þ: (15)

It should be noted that the amplitude IVP can be signifi-
cantly different for the processes involving the vector
singlet ð�;!Þ and the pseudoscalar singlet ð�;�0Þ since
it is known that the latter should receive a contribution
from the anomaly diagram. This could induce a significant
breaking of the above relations for channels involving �,
�0.

C. VV modes

For the VV modes, we have three different configura-
tions for the outgoing mesons, labeled by their (common)
helicity. The left-handedness of weak interactions and the
fact that QCD conserves helicity at high energies suggest
that the longitudinal amplitude should dominate over the
transverse ones (corresponding to helicities equal to
�1).These helicity amplitudes can be combined linearly
into S, P, and D wave amplitudes, and in particular, the
longitudinal amplitude is a linear combination of only S
and D waves:

Mode S;D Amplitudes P Amplitude

K�þ�0
ffiffiffiffi
3
10

q
SVV0;2

1ffiffi
6

p AVV
1

K�þ! � 1ffiffiffiffi
30

p SVV0;2 þ 2ffiffi
3

p IVV0;2 � 1ffiffi
6

p AVV
1

K�þ�
ffiffiffiffi
1
15

q
SVV0;2 þ

ffiffi
2
3

q
IVV0;2

ffiffi
2
3

q
AVV
1

K�0�þ
ffiffi
3
5

q
SVV0;2

1ffiffi
3

p AVV
1

�þ�0 0
ffiffi
2
3

q
AVV
1

�þ!
ffiffiffiffi
2
15

q
SVV0;2 þ 2ffiffi

3
p IVV0;2 0

�þ� � 2ffiffiffiffi
15

p SVV0;2 þ
ffiffi
2
3

q
IVV0;2 0

K�þ �K�0
ffiffi
3
5

q
SVV0;2 � 1ffiffi

3
p AVV

1

where the subscript denotes the partial wave under consid-
eration l ¼ 0, 1, 2. In particular, we have the interesting
relations

AðBþ
c ! K�0�þÞ ¼ ffiffiffi

2
p

AðBþ
c ! K�þ�0Þ; (16)

	̂AðBþ
c ! K�þ �K0Þ ¼ ffiffiffi

2
p ð�1ÞlAðBþ

c ! K�þ�0Þ: (17)

D. Zweig rule

In the above expressions, the normalizations between S,
A, and I amplitudes are different: the first is related to the
8� 8 representation and the last to 1� 8. One may relate
these two amplitudes by means of the Zweig rule for the
�S ¼ 0 processes involving �. At the level of quark dia-
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grams, one can see that the Bþ
c ! ��þð�þÞ process can-

not come from the diagram in Fig. 1—since � is a pure s�s
state. The only production process comes from nonplanar
diagrams similar to Fig. 1, but with a different combination
of quarks into the outgoing mesons: the u �d quarks pro-
duced from theW go into�þð�þÞ, whereas the�meson is
made of a s�s pair produced from vacuum. Such a nonplanar
diagram is expected to be suppressed, especially for vector
mesons such as � (at least three gluons are needed pertur-
batively, and it is 1=Nc suppressed in the limit of a large
number of colors).

Assuming that the amplitudes for Bþ
c ! ��þ and

Bþ
c ! ��þ vanish, one obtains the following relations,

IVP ¼
ffiffiffi
2

5

s
SVP; IVV0;2 ¼

ffiffiffi
2

5

s
SVV0;2 ; (18)

providing simpler expressions for the following VP decay
amplitudes

Mode Amplitude Mode Amplitude

K�þ�
ffiffi
2

p
3 AVP �þ�

ffiffi
2
5

q
SVP

K�þ�0 3
2
ffiffi
5

p SVP � 1
6A

VP �þ�0 1ffiffi
5

p SVP

!Kþ 1
2

ffiffi
3
5

q
SVP � 1

2
ffiffi
3

p AVP !�þ
ffiffi
3
5

q
SVP

�Kþ
ffiffiffiffi
3
10

q
SVP þ 1ffiffi

6
p AVP ��þ 0

so that

AðBþ
c ! �þ�Þ ¼ ffiffiffi

2
p

AðBþ
c ! �þ�0Þ: (19)

Although we assume here that the IVP amplitude is the
same for the processes involving the vector singlet ð�;!Þ
and the pseudoscalar singlet ð�;�0Þ, as required by SUð3Þ
symmetry, this assumption is broken for the pseudoscalar
singlets due to the anomaly (seen for instance in the mass
difference between � and �0). At the quark level, the
detached diagram for the pseudoscalar singlet states
ð�;�0Þ cannot be neglected since there is the well-known
anomaly contribution modifying the previous relation:

AðBþ
c ! �þ�Þ � 1

3
�IVP

¼ ffiffiffi
2

p �
AðBþ

c ! �þ�0Þ � 2
ffiffiffi
2

p
3

�IVP
�
; (20)

where �IVP denotes a potentially large 1=Nc-suppressed
anomaly contribution.

Keeping the same caveat in mind, we can simplify some
VV amplitudes

Mode S;D Amplitudes P Amplitude

K�þ!
ffiffiffiffi
3
10

q
SVV0;2 � 1ffiffi

6
p AVV

1

K�þ�
ffiffi
3
5

q
SVV0;2

ffiffi
2
3

q
AVV
1

�þ!
ffiffi
6
5

q
SVV0;2 0

�þ� 0 0

with the obvious relations among partial waves.

IV. ESTIMATING THE BRANCHING RATIOS

As mentioned in Sec. II, a precise estimate of the matrix
element for the annihilation diagram is an important theo-
retical issue in B physics. Although the domination of the
one-gluon exchange diagram has been argued in various
theoretical frameworks for Bu;d;s decays [26,31], it has not

been investigated whether one-gluon exchange or other
(nonperturbative) contributions dominate in Bc decays. In
this section, we provide branching ratio estimates for the
nonleptonic charmless Bc decays in two ways, by using
experimental data on pure annihilation B decays and by
relying on the one-gluon picture à la QCD factorization.
The branching ratios can then be readily obtained by the
usual formulas

BrðBc ! h1h2Þ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½M2

Bc
� ðm1 þm2Þ2�½M2

Bc
� ðm1 �m2Þ2�

q
�tot
Bc
16�M3

Bc

� jhh1h2jH eff jBcij2; (21)

and the expression obtained in Sec. III in terms of the
reduced amplitudes is related to the matrix element
through

jhh1h2jH effjBcij ¼ GF=
ffiffiffi
2

p jVudðsÞV�
cbj � jRðh1; h2Þj;

(22)

where the reduced amplitude Rðh1; h2Þ involves the ampli-
tudes listed in Sec. III, expressed in terms of ðS; A; IÞ.

A. Estimate from Bd annihilation process

There are two pure annihilation processes observed in
heavy-light B decays [41–43]:

Br ðB0 ! KþK�Þ ¼ ð0:15þ0:11
�0:10Þ � 10�6; (23)

Br ðB0 ! D�
s K

þÞ ¼ ð3:9� 2:2Þ � 10�5: (24)

Although the large experimental errors do not allow us to
draw any firm conclusion, these data seem to indicate that
the annihilation contribution is not negligible. We may
attempt to use these decay channels to very roughly esti-
mate the size of the nonleptonic charmless Bc decays.
Since we are interested in charmless final states, let us
compare the Bc ! Kþ �K0 and the B0 ! KþK� processes.
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Assuming naive factorization between initial and final
states, the final-state contribution cancels out when taking
the ratio of the amplitudes. As a result, we find

BrðBc ! Kþ �K0Þ
BrðB0 ! KþK�Þ ’

�
Vcb

Vub

�
2

|fflfflffl{zfflfflffl}
�100

�
fBc

fB

�
2

|fflffl{zfflffl}
�4


Bc


Bd|{z}
�0:3

1

�2
: (25)

The factor � represents the difference due to the fact that
the B0 ! KþK� process comes from a diagram similar to
Fig. 1 but the W boson propagates in the t channel.2 In the
one-gluon picture, � ¼ C1=C2 ’ 4, whereas it might be
smaller once nonperturbative effects are included. Indeed
these effects would add new contributions to both decays,
but the Bc decay would be more affected relatively, since
its Wilson coefficient in the one-gluon picture is smaller.
This very naive argument leads to the relation between
these two branching ratios:

BrðBc ! Kþ �K0Þ ’ BrðB0 ! KþK�Þ � 1:2� 102

�2

* BrðB0 ! KþK�Þ � 7:5: (26)

The estimate for BrðBc ! Kþ �K0Þ using this relation de-
pends on the result of BrðB0 ! KþK�Þ, which should be
improved in the near future. Taking the current central
value of BrðB0 ! KþK�Þ, we find a lower limit of
BrðBc ! Kþ �K0Þ at the order of 10�6. Using this result,
one can estimate the Wigner-Eckart reduced matrix ele-
ments SPP,

SPP * 0:085 GeV3 ½ðPPÞ ¼ ð �K0KþÞ�; (27)

where we used the following CKM central values: Vub ¼
0:0035, Vcb ¼ 0:041 [44].

As mentioned before, there is no good reason to assume
that SPP, SPV , and SVV should be related. Since we are only
looking for order of magnitudes, we will assume as a

dimensional estimate that jSPPj ’ ffiffiffi
2

p jSPV j ’ jSVV0 j. We

emphasize that these relations have no strong theoretical
supports and are just meant as a way to extract order of
magnitudes for the branching ratios. In addition, we as-
sume the Zweig rule to determine the singlet contributions
I, and we neglect the antisymmetric contributions A, as
well as transverse VV amplitudes. This provides, for in-
stance, the following branching ratios of interest:

½Bd annihil� BRðBc ! �KþÞ ’ Oð10�7 � 10�8Þ;
BRðBc ! �K�0KþÞ ’ Oð10�6Þ;
BRðBc ! �K0KþÞ ’ Oð10�6Þ;
BRðBc ! �K�0K�þÞ ’ Oð10�6Þ: (28)

The suppression of the �Kþ channel is due to the small

CKM factor for the�S ¼ 1 processes, Cabibbo suppressed
compared to �S ¼ 0.

B. Estimate from one-gluon exchange model

A second method consists of a model based on one-
gluon exchange, in close relation with the model proposed
in QCD factorization to estimate annihilation contributions
for the decays of heavy-light mesons. In this method,
described in more detail in Appendix A, the matrix element
in Eq. (1) can be given as

hh1h2jH effjBci ¼ i
GFffiffiffi
2

p V�
cbVudðsÞNh1h2b2ðh1; h2Þ; (29)

where

Nh1h2 ¼ fBc
fh1fh2 ; b2ðh1; h2Þ ¼ CF

N2
C

C2A
1
i ðh1h2Þ:

(30)

The function A1
i ðh1h2Þ is estimated as the convolution of

the kernel given by one-gluon exchange diagrams and the
distribution amplitudes of the initial and final-state me-
sons. While the detailed computation of this function can
be found in Appendix A, we would like to emphasize a few
differences in Bc decays compared to the Bu;d decays that

we found: (i) the Bc decays are much simpler, since the
only operator contributing is O2, and there is only one
combination of CKM factors (V�

cbVuD where D ¼ d, s
depending on the strangeness of the outgoing state), and
(ii) the long-distance divergences, which prevent us from
estimating the annihilation contribution in Bu;d decays, do

not appear in Bc annihilation.
We can give the numerical results for the following

channels: Bc ! �Kþ, Bc ! K�0Kþ, Bc ! �K0Kþ, Bc !
�K0�K�þ. We start with the function b2ðh1h2Þ which turns
out to be quite SUð3Þ invariant:

b2ð�KþÞ ¼ 1:5; b2ðK�0KþÞ ¼ 1:4; (31)

b2ð �K0KþÞ ¼ 1:6; b2ð �K0�K�þÞ ¼ 1:0: (32)

Notice that b2ðVPÞ ¼ b2ðPVÞ, and thus AVP ¼ 0. One can
see that the SUð3Þ breaking is rather small as argued in
Appendix A, while the difference between PP and
VPðVVÞ modes can be as large as þ13ðþ38Þ%. We next
list the normalization factors:

N�Kþ ¼ 0:014 GeV3; NK�0Kþ ¼ 0:014 GeV3; (33)

N �K0Kþ ¼ 0:010 GeV3; N �K0�K�þ ¼ 0:019 GeV3:

(34)

For these particular decay channels (no exchange between
� and K), the SUð3Þ breaking is also small while the
difference between PP and VPðVVÞmodes can be as large

2Here we neglect the small penguin diagram contribution to
the B0 ! KþK� decay.
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as�40ð�90Þ%. Our numerical value for S, I, A amplitudes
for the above processes are

SVP ¼ 0:036 GeV3; ½VP ¼ �Kþ; �K�0Kþ�; (35)

SPP ¼ 0:021 GeV3; ½PP ¼ �K0Kþ�; (36)

SVV0 ¼ 0:025 GeV;3 ½VV ¼ �K0�K�þ�; (37)

where we have neglected transverse VV amplitudes. We
present the relation between Nh1h2 and b2ðh1h2Þ functions
and the Wigner-Eckart reduced matrix elements S, I, A in
Appendix B. Assuming the SUð3Þ-breaking effect is neg-
ligible in b2ðh1; h2Þ, this relation allows us to estimate all
the other S, I, A amplitudes with the values given in
Eq. (32) and the known values of decay constants for
each final state.

We obtain finally the following values of branching
ratios:

½One-gluon� BRðBc ! �KþÞ ¼ 5� 10�9;

BRðBc ! �K�0KþÞ ¼ 9:0� 10�8;

BRðBc ! �K0KþÞ ¼ 6:3� 10�8;

BRðBc ! �K�0K�þÞ ¼ 9:1� 10�8: (38)

The contributions to �0�þ, ��þ, and �þ� vanish in our
approximations, which means that these power-suppressed
decays must have significantly smaller branching ratios
than the above ones. We do not quote any error bars on
these results on purpose: we can easily estimate the un-
certainties coming from our hadronic inputs, but certainly
not the systematics coming from the hypothesis underlying
our estimate (one-gluon approximation, asymptotic distri-
bution amplitudes, neglect of 1=mb- and 1=mc-suppressed
corrections, neglect of soft residual momentum of the
heavy quarks in the Bc meson).

C. Comparison of the two methods

Our estimates of the branching ratio for e.g. the Bc !
Kþ �K0 in the above two ways are not consistent. This is
clearly because two methods are conceptually different:

(i) The method based on Bd annihilation treats the
charm quark as massless. It takes into account
some of the nonperturbative long-distance effects
expected to occur in Bd and Bc decays, but treats
in a very naive way the relation between matrix
elements of the operators O1 and O2. It relies also
on extremely naive assumptions concerning the re-
spective size of matrix elements for PP, VP, and VV
modes.

(ii) The method based a perturbative one-gluon ex-
change treats the charm quark as heavy. It assumes
the dominance from a specific set of diagrams com-

puted in a perturbative way, but it provides a con-
sistent framework to perform the estimation.

It is well-known that both kinds of estimates yield rather
different results. This is illustrated by the fact that the
estimate of Bd ! KþK� in the annihilation models of
QCD factorization [26] (around 10�8 with substantial un-
certainties) and perturbative QCD [45] is 1 order of mag-
nitude below the current experimental average. Therefore,
it is not surprising that our two methods yield branching
ratios differing by a similar amount. There are well-known
cases where final-state interaction can increase signifi-
cantly estimates based on factorization, for instance, B !
K�c [46,47] or Dþ

s ! �0�þ [48]. An observation of the
nonleptonic charmless Bc decays will certainly constitute
an important key to clarify such a controversy as well as
further theoretical issues in computational methods for the
annihilation diagram.

V. SEARCH PROSPECTAT LHCB

The LHC pp collider with the center of mass energy of
14 TeV has a large cross section for the b �b hadroproduc-
tion, which can be followed by the production of not only
B0, Bþ, and B0

s mesons but also other b hadrons such as�b

and Bc. The subtraction of the production of other known b
hadrons [49]

b �b ! ðBd:Bu:Bs:�
0
bsÞ

’ ð42:2� 0:9%:42:2� 0:9%:10:5� 0:9%:9:1� 1:5%Þ
(39)

leads to b �b ! ðBcÞ to be less than 1%. The LHCb experi-
ment [50], which is dedicated to B physics analyses with its
optimized trigger scheme, allows one to detect the b-decay
modes into hadronic final states.
The theoretical estimate of the Bc cross section is still

under scrutiny. For the dominant gg-fusion process, there
are two possible mechanisms: gg ! b �b followed by the
fragmentation, or �b ! Bcb �c. It is found that the latter
dominates in the low-pT region which corresponds to the
LHCb coverage [51,52]. The Oð
4

sÞ computation of the
�b ! Bcb �c process predicts �ðpp ! Bþ

c XÞ ’ 0:3–0:8 �b
[53] where the error comes from the uncertainty in theo-
retical inputs such as the choice of the 
s scale and the Bc

distribution function. Additional systematics could come
from higher-twist and -radiative corrections. In the follow-
ing, we follow the LHCb value for the cross section
�ðBcÞ ¼ 0:4 �b, but it must be noted that this value may
be affected by a large uncertainty.
We can now estimate the expected sensitivity for a

specific channel. First, let us discuss which channel has
the best potential for the detection. The best trigger and
reconstruction efficiencies with a large signal over back-
ground ratio can be achieved by the charged K and/or �
tags (and by avoiding low-pT neutral particles) at LHCb.
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Since the initial Bc carries an electric charge, all two-body
PP final states contain one neutral particle. The same
remark applies for the VV channels when one considers
the subsequent decays of the vector particles into pairs of
pseudoscalars. In this respect, PV channels such as Bþ

c !
�Kþ, �K�0Kþ, �K0�þ, �0Kþ, �0�þ, ��þ are the best
candidates using the vector meson decays, � ! KþK�,
�K�0 ! K��þ, �0 ! �þ��, leading to three charged
tracks. Among these subsequent decays, the small widths
of � and �K�0 make the reconstructing particularly easy
compared to e.g. �0. On the theoretical side, our Zweig rule
argument forbids the Bþ

c ! ��þ, whereas the Bþ
c !

�0�þ channel comes only from the A (asymmetric) am-
plitude which is also subdominant. Finally, taking into
account the fact that the �S ¼ 1 channels are Cabibbo
suppressed, we draw the conclusion that the Bþ

c ! �K�0Kþ
channel might be the best candidate for the detection.

Since the selection criteria and trigger efficiencies are
different for each channel, detailed simulations are neces-
sary in order to estimate the expected sensitivity for differ-
ent channels. For example, such a study has been done for
Bc ! J=c�þ [53,54]. From the expected branching ratio
BrðBc ! J=c�þÞ ’ 1%, it was deduced that over a thou-
sand events are expected after the 1 yr run of LHCb. By
scaling this observation to the processes of interest, we can
very roughly estimate that an assumption of BrðBþ

c !
�K�0KþÞ ¼ 10�6 yields a few events per year at LHCb.
The analysis of LHCb data will thus allow setting first
experimental limits on the nonleptonic charmless Bc de-
cays, and give hints on annihilation mechanisms in these
decays.

VI. CONCLUSIONS

In this paper, we have discussed nonleptonic charmless
Bc decays into two light pseudoscalar or vector mesons. It
turns out that a single tree-annihilation diagram is respon-
sible for all 32 processes, providing an interesting testing
ground for annihilation. After discussing general aspects of
the charmless Bc decays, we have shown that the very
simple nature of these decays allows us to describe them
in terms of a few reduced amplitudes by exploiting SUð3Þ
flavor symmetry to relate various PP, PV, and VV modes.

In order to discuss a possible search for charmless non-
leptonic Bc decays at LHCb, we have proposed two differ-
ent theoretical estimates of these reduced matrix elements,
either by comparison with Bd annihilation processes or by
a perturbative model based on the exchange of one gluon.
The two models yield a rather wide range of branching
ratio predictions, from 10�6 to 10�7. The LHCb experi-
ment has the potential to observe some of the decay
channels (such as Bc ! �Kþ, �K�0Kþ) if the branching
ratio is at the larger side of these estimates.

From the theoretical point of view, a better understand-
ing of annihilation diagrams is particularly important.
They are often assumed to play a significant role in decays

of heavy-light mesons, but they occur jointly with other
kinds of diagrams, making it difficult to assess precisely
their size. Furthermore, for the theoretical estimates of the
Bu;d annihilation diagram in the QCD factorization, there is

an additional uncertainty caused by the infrared divergence
occurring in its computation. It is worth mentioning that
we found that such a divergence does not occur in the case
of the Bc annihilation diagram, suggesting that predictions
from models à la QCD factorization for the Bc decays
should be more precise, and thus easier to confirm or reject.
On the other hand, it has been discussed that the anni-

hilation diagrams may be enhanced by long-distance ef-
fects such as final-state interactions. Although only limited
models of such effects have been proposed either for D or
for B decays (the former likely more affected than the latter
by such enhancements) [46–48], the observation of an
unexpectedly large branching ratio for the Bc annihilation
would call for a reassessment of such long-distance con-
tributions. An observation of charmless nonleptonic Bc

decays at LHCb will certainly provide substantial infor-
mation on these models, in complement with the observa-
tion of other decays such as Bd ! KþK� or Bs ! �þ��.
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APPENDIX A: SHORT-DISTANCE MODEL FOR
WEAK ANNIHILATION

As highlighted in the introduction, weak annihilation
plays a significant role in Bu;d;s nonleptonic decays, but it

is difficult to estimate it accurately. A model to estimate
this contribution was provided in the framework of QCD
factorization [26,55], relying on the following hypothesis:
(i) The diagrams are dominated by the exchange of a

single gluon, whose off shellness is typically of order

Oð ffiffiffiffiffiffiffiffiffiffi
�mb

p Þ.
(ii) Hadronization effects are taken into account

through light-cone distribution amplitudes (gener-
ally taken in their asymptotic form).

(iii) Soft components are neglected.

Being power suppressed in the heavy-quark limit, the
weak-annihilation contributions to Bu;d;s nonleptonic de-

cays cannot be factorized in short- and long-distance ef-
fects (in general). Their evaluation within this rough model
exhibits endpoint divergences, which signals the presence
of long- distance contributions not taken into account
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properly. The divergent integrals were regularized on the
basis of dimensional analysis, which induces a significant
uncertainty in the estimate of the annihilation contribution.

We can follow a similar method to estimate annihilation
in the case of the Bc decay. Concerning the Bc meson, we
work in the limit where both b and c quarks are heavy
(keeping mc=mb fixed) and we set the momentum of the
valence quarks to p

�
b ¼ mbv

� and p
�
c ¼ mcv

�, neglect-

ing the soft components of the heavy-quark momenta (and
consistently settingMBc

¼ mc þmb). Sincewe neglect the

soft components of pb and pc, the integration over the Bc

meson distribution amplitude is trivial and yields fBc
. The

diagrams to compute are not very difficult and correspond
to a gluon emitted from the b antiquark or the c quark from
the Bc meson and converted into a light-quark–antiquark
pair. Following Ref. [26], we find in the case where
ðM1;M2Þ ¼ ðP;PÞ; ðP; VÞ; ðV; VÞ,

Ai
1ðM1M2Þ ¼ �
s

Z
dxdy

�
�M1

ðyÞ�M2
ðxÞ

�
�

1

y½ð �xþ yÞzb � �xy� �
1

�x½ð �xþ yÞzc � �xy�
�

þ rM1rM2�m1
ðyÞ�m2

ðxÞ

�
�

2ð1� zbÞ
ð �xþ yÞzb � �xy

� 2ð1� zcÞ
ð �xþ yÞzc � �xy

��
:

(A1)

If ðM1;M2Þ ¼ ðV; PÞ, one has to change the sign of the
second (twist-4) term above. �M and �m are twist-2 and
twist-3 two-particle distribution amplitudes of the meson
M, and rM is the normalization of the twist-3 distribution
amplitude. In the case of pseudoscalar mesons, we have

r� ¼ 2m2
�

mb � 2mq

; rK ¼ 2m2
K

mbðmq þmsÞ ; (A2)

responsible for the chiral enhancement of twist-4 contri-
butions for pion and kaon outgoing states. In the case of
vector mesons, we have

rV ¼ 2mV

mb

f?V
fV

: (A3)

zb and zc denote the relative size of the b- and c-quark
masses:

zb ¼ mb

mb þmc

; zc ¼ 1� zb ¼ mc

mb þmc

: (A4)

Their appearance allows one to distinguish the diagram of
origin (corresponding to a gluon emitted from the b- or the
c-quark line).

Equation (A1) is in agreement with the expressions
obtained in Refs. [26,27] in the limit zb ! 1 (and zc !
0). To further simplify the discussion, we take the asymp-
totic expression for the distribution amplitudes

�PðxÞ ¼ 6xð1� xÞ; �VðxÞ ¼ 6xð1� xÞ;
�pðxÞ ¼ 1; �vðxÞ ¼ 3ð2x� 1Þ: (A5)

The structure of the singularities in the kernel is due to the
propagator of the gluon and seems quite complicated. But
if we take as an exampleZ 1

0
d �xdy

1

ð �xþ yÞz� �xy
¼

Z
d �x

1

z� �x
log

								z� �xþ �xz

�xz

								;
(A6)

the function to be integrated is continuous at x ¼ z and has
integrable singularities for x ¼ 0 and x ¼ z=ð1� zÞ. The
integration can therefore be performed without problem as
long as z is different from 0, 1=2, and 1 (no coalescence of
singularities). For the Bc meson, it means that the twist-2
and the twist-4 contributions have no endpoint singularities
and yield finite integrals. Therefore, there is no need to
introduce models to regularize the divergent integrals like
in the case of heavy-light mesons.
The corresponding expressions for the four cases are

slightly tedious, but they can be approximated to a very
good accuracy through low-order polynomials in �, where
zb ¼ 0:76þ � and zc ¼ 0:24� � (corresponding tomb ¼
4:2 and mc ¼ 1:3 for � ¼ 0):

Ai
1ðPPÞ ¼ �
s½ð�22:83þ 4:84�þ 808:3�2 þ 2507�3

þ 3425�4Þ þ rM1rM2ð�8:23� 3:65�

þ 73:6�2 � 16:1�3 þ 3575�4 þ 16 007�5Þ�;
(A7)

Ai
1ðPVÞ ¼ �
s½ð�22:83þ 4:84�þ 808:3�2 þ 2507�3

þ 3425�4Þ þ rM1rM2ð�19:15� 123:5�

� 130�2 þ 58:7�3 þ 7982�4 þ 39 778�5Þ�;
(A8)

Ai
1ðVVÞ ¼�
s½ð�22:83þ 4:84�þ 808:3�2 þ 2507�3

þ 3425�4Þþ rM1rM2ð2:44þ 222:4�þ 1565�2

þ 3386�3 þ 5824�4 � 80831�5 � 421927�6Þ�:
(A9)

Within the set of approximations performed here, Ai
1ðPVÞ

and Ai
1ðPVÞ are identical.

We use the above formulas to estimate a few branching
ratios. We take our inputs for the vector decay constants

and the Wilson coefficient C2ð
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mb�h

p Þ ¼ �0:288 from
Ref. [56], and the rest of our inputs from Ref. [26]. We
take the value of the Bc meson decay constant fBc

¼
395 MeV taking the central value from Ref. [3].
Let us comment on the SUð3Þ breaking, which can be

included in this QCD computation. We do not have the
SUð3Þ-breaking effects coming from the distribution am-
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plitude: for instance, a small ms correction makes the K

and Kð�Þ distribution amplitudes slightly asymmetric. On
the other hand, we have the breaking effect in the chiral
enhancement parameter rM. The SUð3Þ breaking (e.g.

comparison of r�, rK or r�, rK
�
, r�) turns out to be

relatively small. Another SUð3Þ breaking arises from the
following decay constants in the normalization factorNh1h2

[49,56]:

f� ¼ ð130:4� 0:2Þ MeV; fK ¼ ð155:5� 0:8Þ MeV;

f� ¼ ð216� 3Þ MeV; fK� ¼ ð220� 5Þ MeV;

f! ¼ ð187� 5Þ MeV; f� ¼ ð215� 5Þ MeV:

(A10)

The SUð3Þ breaking in the decay constants for the vector
mesons is rather small while there is a 24% difference in �
and K decay constants.

APPENDIX B: IDENTIFICATION WITH RESULTS
FROM QCD FACTORIZATION

The expressions for all the decay channels considered in
Sec. III can be recovered from Refs. [26,27,57] if we
identify between the Wigner-Eckart reduced matrix ele-
ments S, I, A and the O2 reduced coefficients b2. In these
references, one must take the expressions for the decay
amplitudes of Bu decays into the relevant final state, and
pick up the O2 contribution, which is the only remaining
one once the related Bc decay is considered. If we perform

this identification, we obtain

SPP ¼
ffiffiffi
5

3

s
NPPb2ðPPÞ; (B1)

IPP ¼
ffiffiffi
2

3

s
NPPb2ðPPÞ; (B2)

SVP ¼
ffiffiffi
5

6

s
NVPðb2ðPVÞ þ b2ðVPÞÞ; (B3)

AVP ¼
ffiffiffi
3

2

s
NVPðb2ðPVÞ � b2ðVPÞÞ; (B4)

IVP ¼
ffiffiffi
1

3

s
NVPðb2ðPVÞ þ b2ðVPÞÞ; (B5)

SVVS;D ¼
ffiffiffi
5

3

s
NVVb

S;D
2 ðVVÞ; (B6)

AVV
P ¼ 0; (B7)

IVVS;D ¼
ffiffiffi
2

3

s
NVVb

S;D
2 ðVVÞ: (B8)
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