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Abstract

The charmless B, — PP, PV (where P and V denote the light pseudoscalar and vector mesons,
respectively) decays can occur only via the weak annihilation diagrams within the Standard Model
and provide, therefore, an ideal place to probe the strength of annihilation contribution in hadronic
B, 4, decays. In this paper, we study these kinds of decays in the framework of QCD factorization,
by adopting two different schemes: scheme I is similar to the method usually adopted in the QCD
factorization approach, while scheme II is based on the infrared behavior of gluon propagator and
running coupling. For comparison, in our calculation, we adopt three kinds of wave functions for
B. meson. It is found that: (a) The predicted branching ratios in scheme I are, however, quite
small and are almost impossible to be measured at the LHCb experiment. (b) In scheme II, by
assigning a dynamical gluon mass to the gluon propagator, we can avoid enhancements of the
contribution from soft endpoint region. The strength of annihilation contributions predicted in
scheme II is enhanced compared to that obtained in scheme I. However, the predicted branching
ratios are still smaller than the corresponding ones obtained in the perturbative QCD approach.
The large discrepancies among these theoretical predictions indicate that more detailed studies of
these decays are urgently needed and will be tested by the future measurements performed at the

LHCDb experiment.
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I. INTRODUCTION

The B, meson is the lowest-lying bound state of two heavy quarks with different flavors (b
and ¢). Due to its flavor quantum numbers B = C' = +1 and being below the BD threshold,
the B. meson is stable against strong and electromagnetic interactions and can decay only
via weak interaction. Furthermore, the B, meson has a sufficiently large mass, each of the
two heavy quarks can decay individually, resulting in rich decay channels [1]. Therefore, the
B, meson is an ideal system to study weak decays of heavy mesons [2].

The experimental studies of B.-meson properties started in 1998 when the Collider Detec-
tor at Fermilab (CDF) reported the first observation of B. meson through the semi-leptonic
decay modes B, — J/WItX (¢ =e,p) [3]. Thanks to the fruitful performance of the CDF,
D0 and LHCb collaborations, both the mass [4-6] and the lifetime [7-9] of the B, meson have
been measured quite accurately. At the Large Hadron Collider (LHC) with a luminosity of
about £ = 103*cm =257, one could expect around 5 x 10*° B, events per year [10]. In addi-
tion, several hadronic B, decay channels, such as B} — J/¢ K™ [11] and B} — Bz [12],
have also been observed for the first time. In the following years, the properties of B, meson
and the dynamics involved in B, decays will be further exploited through the precision mea-
surements at the LHC with its high collision energy and high luminosity, opening therefore
a golden era of B, physics [13].

The theoretical investigations have also been carried out on the properties of B, meson,
such as its lifetime, its decay constant, and some of its form factors, based on different
theoretical frameworks |2]. Due to its heavy-heavy nature and the participation of strong
interaction, the hadronic B, decays are extremely complicated but, at the same time, provide
great opportunities to study the perturbative and non-perturbative QCD, and final state
interactions in heavy meson decays. Being weakly decaying and doubly heavy flavor meson,
it also offers a novel window for studying the heavy-quark dynamics that is inaccessible
through the bb and c¢ quarkonia [2]. These features have motivated an extensive study of
B, decays in various theoretical approaches in the literature [14].

In this paper, we shall focus on the two-body charmless hadronic B, decays, which can
proceed only via the weak annihilation diagrams in the Standard Model (SM): the initial b
and ¢ quarks annihilate into v and d/5 quarks, which form two light mesons by hadroniz-

ing with a ¢q¢ (¢ = u,d,s) pair emitted from a gluon. Detailed studies of these decays



will be certainly helpful for further improving our understanding of the weak annihilation
contributions, the size of which is currently an important issue in B physics.

The recent measurements of the B, 4 ; decays, especially of the pure annihilation processes
Bs — ntn~ and By — K™K~ |15, [16], indicate that the annihilation topologies can be
significant, contrary to the common belief of their power suppression in the heavy-quark
limit [17]. Although it was later noticed theoretically that the annihilation amplitudes may
not be negligibly small in realistic B-meson decays [18], it is still very hard to make a
reliable calculation of these diagrams, and quantitative predictions for them vary greatly
between different approaches. In the QCD factorization (QCDF) approach [19], they can
only be estimated in a model dependent way due to the endpoint singularities [20]. In the
soft-collinear effective theory (SCET) [21], they are argued to be factorizable and almost
real with tiny strong phase [22], which is rather different from almost imaginary with large
strong phase as predicted in the perturbative QCD (pQCD) approach [18]. In addition,
the annihilation contributions in many B, 4 decays usually involve both tree and penguin
operators, and they interfere with many other different topologies, making it difficult to
obtain an accurate value of annihilation by fitting the experimental data [23].

The charmless B. decays into two light pseudoscalar (P) and/or vector (V) mesons,
coming only from a single tree operator, provide therefore an ideal testing ground for an-
nihilation in heavy meson decays, and deserve detailed studies using different theoretical
approaches [24-27]. In this paper, we shall revisit these decays in the QCDF frame-
work, using two different schemes proposed to deal with the endpoint singularity and
to avoid enhancements in the soft endpoint region: the divergence in scheme I is usu-
ally parameterized with at least two phenomenological parameters through the treatment
Jyde/z — Xag = In(mp/Ap) (1 + page’®s#) [20]; whereas in scheme II, one could use
an infrared-finite gluon propagator 1/(k* + ie) — 1/(k* — M, (k?) + i€) [28], to regulate the
divergent integrals [29-33]. The different scenarios corresponding to different choices of pa g
and ¢4 g in scheme I have been thoroughly discussed in Refs. [20]. In scheme II, it is found
that the hard spectator-scattering contributions are real and the annihilation corrections are
complex with a large imaginary part |[31-33]. These two different treatments used in B, 4
decays could be further tested through the charmless B, decays.

The remaining parts of the paper are organized as follows. In Sec. [ after recapitulating

the theoretical framework for two-body charmless hadronic B, decays, we present the calcu-



lation of the annihilation diagrams in the QCDF framework with the two different schemes.
The numerical results and discussions are given in Sec. [Tl Finally, we conclude in Sec. [Vl
The explicit expressions for the decay amplitudes and the relevant input parameters are

collected in Appendix A and Appendix B, respectively.

II. THEORETICAL FRAMEWORK AND CALCULATION

A. The effective weak Hamiltonian and hadronic matrix element

Using the operator product expansion and renormalization group (RG) equation, we
can write the effective weak Hamiltonian for charmless B, — M; My (M; denote the light

pseudoscalar and vector mesons) decays as [34]

_Gr
V2

where G is the Fermi coupling constant, V., and V,,p (D = d, s) the Cabibbo-Kobayashi-

Her VoV [CI(N)QI + Cz(ﬂ)@ﬂ + h.c., (1)

Maskawa (CKM) matrix elements [35]. The four-quark operators @); arise from W-boson

exchange and are defined, respectively, as

Q1 = [ca™ (1 — 75)ba] {DB’VM(l - VS)UB} )
Q2 = [Ear"(1 = 75)b5] [Dp7u(1 — 5)ta] (2)

where «, [ are the color indices. The corresponding Wilson coefficients C;(u) can be calcu-
lated using the RG improved perturbative theory [34].

To obtain the decay amplitude, the remaining work is to evaluate the hadronic matrix
elements of the local operators ();, which is however quite difficult due to the participation
of non-perturbative QCD effects. The Feynman diagrams for B. — M; M, decays with the
QCDF approach are shown in Fig. [l where (a), (b) and (c), (d) are nonfactorizable and
factorizable topologies, respectively. Since the tree operators ) 2 have the (V —A)® (V —A)
Dirac structure, the two factorizable diagrams (c) and (d) cancel each other exactly in the
QCDF approach [20]. Moreover, due to the mismatch of the color indices, there are no
contributions from diagrams (a) and (b) with the insertion of the color-singlet operator Q).
Thus, there is only a single tree operator ()5 involved in the decay amplitudes, and the

nonzero contribution comes only from diagrams (a) and (b).
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FIG. 1: The lowest order Feynman diagrams contributing to charmless B, — M;Ms decays.

In the QCDF framework and with the same hypotheses made for hadronic B, 4 decays,

the decay amplitude for charmless B, — M; M, decays can be written as [20]
(MyMs|Hegr| Bo) o< fB. fon s b2(My, Ms) (3)

where fp , fu are decay constants of the B. and M mesons respectively. The coefficient

bo (M7, My) is defined as [20]

C .
by(My, My) = FZ Cy AL (M, My) (4)

where Cr = 4/3 and N, = 3, the superscript ‘> on A} refers to the gluon emission from
the initial-state quarks, and the subscript ‘1’ on A¢ refers to the (V — A) @ (V — A) Dirac
structure of the inserted four-quark operator Q3. The basic building block A%(M;, M) can
be expressed as the convolution of the hard kernels given by diagrams (a) and (b) in Fig. [
and the light-cone distribution amplitudes (LCDAs) of the initial- and final-state mesons,

which will be detailed in the next two subsections.

B. AY{(My,M>) in scheme I

In scheme I, the annihilation contributions to hadronic B, 45 decays are evaluated by
regularizing the divergent integrals on the basis of heavy-quark power counting [20]. Despite

the fact that such a treatment is not entirely self-consistent in the context of a hard-scattering



approach, it provides nevertheless a model to estimate the importance of annihilation, which,
motivated by the first observation of the pure annihilation decay B, — n"n~ [15, [16], has
been revisited quite recently in Refs. |32, 36].

Following a similar treatment, we now estimate the annihilation topologies in charmless
B — M; M, decays. In accordance with the convention adopted in Ref. [20], we find that
the basic building block A%(M;, M) is given by

AL (M, M) = was/ldxdydz o, (2) {@MZ(:C) Bop(y) |~ 2T
0 ¢ Ty[(z 4+ y)z — Ty — i€
Yy—2z+ 2
Ty[(T +y)r — Ty — zeﬂ

TYz — TYz + 2p
zy[(z +y)z — Ty — i€

TYz — Yz + 2.
_aty[(x+y)z—a7y—ie]]}’ (5)

U D (1) oy (9) |

when both mesons are pseudoscalar or when M is a pseudoscalar and Ms a vector meson.
In the case when M, is a vector meson and M, a pseudoscalar, one has to change the sign of
the second term in A}. When we take Z = 2, = 1 and z = 2, = 0, this result is in agreement
with the expressions obtained in Ref. |20, 37]. In Eq. (H), z, and z. denote the relative size

of the b- and c-quark masses with

o my o me
Zp = — Ze =
ch

(6)

)
77’lBC

Their appearance allows one to distinguish the origin of each term in the brackets: the ones
involving z, must come from diagram (a), whereas those involving z, must from diagram (b)
in Fig. Il As always, ®,/(z) and ®,,(z) denote the leading-twist and twist-3 two-particle
LCDAs of the final-state meson M, respectively. The factor rf‘(/l , once multiplied by mp,_ /2,

is used to normalize the twist-3 distribution amplitude; explicitly, we have
2mp v
X

2my fi
SO R R vt g
where my 2(1) denote the running masses of the two valence quarks of a pseudoscalar, and
fir(u) the scale-dependent transverse decay constant of a vector meson. Despite being
formally suppressed by one power of Aqcp/my in the heavy-quark limit, these terms are not

always small numerically, especially in the case of pseudoscalar mesons [20].
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FIG. 2: The three kinds of distribution function for B. meson, W-I thick solid line,W-II blue
line, W-III red line.

In the calculation, we will use three different types of distribution function for B, meson.

The first one is the peak form (W-I) [3§]
Cp. () = 6(z —me/mp,), (8)

The second one is the solution of the Schrodinger equation with the harmonic oscillator

potential (W-II) [39]
_ 1 omg  mj
®p,.(z) = NaT eXp{—8a2 (7 + ?)}, 9)

where o? = pw, the reduced mass p = mym,/(my+m,) and the quantum of energy w = 0.50

GeV [40]. The third one is the quarkonium form (W-III) [41]

Mgp, 2 2
=), (w0)

Op () = NzT exp{—(

where xp, = 1 — my/mp,.

In Eq. (QHI0), N is normalization constant and the normalization condition is

1
/ dr®p, (z) = 1. (11)
0
The shape of the three distribution function of B, meson is displayed in Fig.

To pursue the structure of the singularities of the building block A% (M, M), we take,

for simplicity, the asymptotic expressions for the distribution amplitudes |20, 42]
Op(x) =62(1 —x), Oy (x) = 62(1 —x), (12)
Q,(z) =1, O, (x) =3(2x—1). (13)
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FIG. 3: The variation of the real and imaginary parts of function g(z) defined by Eq. (I4) with

respect to the parameter z.

The weak annihilation of B, 45 exhibit endpoint singularities even at twist-2 order in
the light-cone expansion for the final-state mesons. For B. — PP, PV decay, the endpoint
singularities only at twist-3 level, has the same situation with the hard spectator interactions
of By 4. For the twist-2 terms, the singularities in the integral interval. It is found that the
convolution integrals in Eq. (@) can be performed without problem as long as 1/2 < z < 1.
There are, however, integrable singularities at = = 2/(1 — z) or y = z/(1 — 2z) when 0 <
z < 1/2, which can be dealt with using the prescription of Cauchy principal value integral.

Taking the integral
1

(T +y)z — Ty — e

o(z) = [ dedy (14)

as an example, we show in Fig. Blits real and imaginary parts dependence on the parameter
z, and one can see clearly that the integral is finite as long as z is different from 0 and 1.
The twist-3 terms in Eq. (@) is more complex and can not be expressed as polynomial of
X = fol dy/y ~ In(my/Agep), so we make the integral interval of T,y € [Agep/my, 1].
Rather than giving the explicit expressions for the convolution integrals, we present, with
the default inputs my, = 4.8 GeV and m. = 1.5 GeV, the numerical results for the building
block A% (M, M) in the three different cases
W-I

AY(P, P) = [(=5.70 + 6.26) + r¥firf2 (—1.59 — 2.75i)] , (15)



AY(P,V) =7 [(=5.70 + 6.261) + 272 (=3.73 + 0.561)| , (16)

AV, P) =7 [(=5.70 + 6.26i) — r2ir2(3.73 - 0.561) (17)
W-I1

AY(P, P) = [(—2.78 — 4.95i) + r)irf2(=0.09 — 2.47i)] , (18)

AP, V) = [(~2.78 — 4.950) + rM7M2(—1.00 - 0.047)] (19)

ANV, P) = [(—2.78 — 4.95i) — r2r)2(1.00 + 0.043)] , (20)
W-I11

AY(P,P) = [(—5.82 — 6.48i) + r)irl2(—1.71 — 2.85i)] , (21)

AP, V) =7 [(~5.82 — 6.48i) + rMirM2(—4.03 + 0.49)] (22)

AP, V) =7 [(~5.82 — 6.48i) — rMirMa(4.03 — 0.49i)] , (23)

where the result is obtained with ag(pu ~ mp_/2) = 0.25 and mp, = 6.2745 GeV. Judging
from the above expressions, the branching ratios obtained with W-I and W-III should be
very close, and the W-I’s results will be smaller. It is noted that A%(P,V) is identical to
A'(V, P) in our approximation and the annihilation contribution have a large imaginary

part.

C. A{(My, Ms) in scheme II

Instead of parameterized with an ad hoc model-dependent cut-off, the endpoint diver-
gences can also be regulated with an infrared (IR) finite gluon propagator that is charac-
terized by a dynamical gluon mass, providing therefore a natural IR regulator [28]. This
has been successfully applied to various hadronic B, s decays in Refs. [29-33]. In this
subsection, we shall evaluate the building block A% (M, M) in such a scheme.

Instead of the perturbative expression 1/¢? that is IR divergent, the IR finite gluon prop-
agator is obtained by solving an intricate set of coupled Dyson-Schwinger equations (DSE)
for pure gauge QCD, under a systematic approximation and truncation |28]. It is also noted
that any IR finite gluon propagator leads to a freezing of the IR coupling constant [43],

meaning that the use of an IR finite gluon propagator must be accompanied by an IR finite

9
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FIG. 4: The behavior of the gluon propagator (left) and coupling constant (right) derived by

Cornwall [28], with respect to the gluon momentum squred ¢2.

coupling constant. The above information about the IR behavior of QCD has also been con-
firmed by the most recent lattice simulations [44, 45]*. Here we adopt the gluon propagator

derived by Cornwall many years ago [28]

1

D(¢*) = qg+—]wg2(qz) ; (24)

where ¢? denotes the gluon momentum squared. The corresponding running coupling con-

stant reads [28]
4m

)
P+AMZ(?) }

2
AQCD

as(q?) (25)

BoIn

where Sy = 11 — %nf is the first coefficient of the QCD beta function, and ny the number of

active quark flavors at a given scale. The dynamical gluon mass M7 (¢) is given by [28]

12

q? +4m3 1

2/ 2 2 In Agep )
Mg (¢7) = mg W ) (26)
i AQCD

where Aqep = 225 MeV is the QCD scale, and m, the effective gluon mass with a typical
value m, = 0.5 £ 0.2 GeV [28]. It is interesting to note that similar values are found by
fitting the experimental data on B, 4 decays: m, = 0.5£0.05 GeV from B, 4 decays [31] and
mg = 0.48+0.02 GeV from By decays [32]. In our calculation, we take m, = 0.4940.03 GeV.
As shown in Fig. 3 both the gluon propagator (Eq. (24])) and the coupling constant (Eq. (25]))

are IR finite and different from zero at the origin of momentum squred ¢* = 0.

& Recent reviews, together with a list of references, on DSE solutions and lattice results about the infrared

finite gluon propagator and running coupling constant could be found, for example, in Refs. [46-49].

10
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FIG. 5: The distribution in the (Z,y) plane of the IR finite gluon propagator appearing in the

annihilation diagrams for charmless hadronic B, — Mj M, decays.

With the above prescription and the same convention used in scheme I, our final results

for the building block Aj(My, M,) can be expressed as (w?(¢*) = M7 (q*)/m3,)

, 1
AL (M, M) = 7r/0 dxdydzas(q2)<I>MBc(z){

T —ZzZ+ 2z
Pos, (1) Por, (y) [(a:y —w2(q?) +ie) [(T +y)z — Ty — i€
_ y—z —+ Ze ]
(Zy — w(@) + i€) [(Z + y)z — Ty — i€]

TYz — xYz + 2p
(Ty — w(¢?) +ie) [(T + y)z — Ty — i¢]
o TYz — zgiz + Zc _ . ] ’(27)
(Ty — w(¢?) +ie) [(Z + y)z — Ty — ie]
when (M, M) = (P, P) and (P, V). If (M, Ms) = (V, P), on the other hand, the sign of

the second term in AY has to be changed. Our results, after taking the limits z = 2, — 1

i B, (1) Doy (9) |

and z = z. — 0, agree with the ones given in Refs. [31-33].

In Eq. (27), the time-like gluon momentum squared is given by ¢* = EmeBC, and also
depends on the longitudinal momentum fractions £ = 1 — x and y, making the convolution
integrals rather complicated. As shown in Fig. [0 although the running coupling constant is
rather large in the small ¢? region (see Fig. H(b)), the fact that only a small fraction comes
from the ¢* < mf] regions in the (Z,y) plane indicates that the annihilation contributions
are still dominated by the ¢* > mf] regions associated with a large imaginary part [31]. In
scheme II, we also use three kinds of B, meson wave function in the calculation. With the

default inputs mp, = 6.2745 GeV, my = 0.49 GeV, m;, = 4.8 GeV and m, = 1.5 GeV, our

11



numerical results for the building block A%(My, M) read

W-I
AY(P,P) =7 [(—10.11 — 6.16i) + r2722(—-3.64 — 2.367) (28)
AY(P,V) =7 [(—10.11 = 6.167) + ri7M2(—6.38 + 3.093)| , (29)
AY(V,P) = m[(~10.11 — 6.16i) — rMirM2(6.38 — 3.09i)] , (30)
W-II
AY(P,P) = |(—5.84—6.06i) + riird(—4.24 — 7.76i)| | (31)
AP, V) = [(=5.84 — 6.06i) + 2N}z (—18.36 — 9.27i) |, (32)
AY(V,P) =7 [(=5.84 = 6.06i) — r¥ir2(12.5+9.94) (33)
W-I11
AY(P, P) =7 [(=10.37 — 6.36i) + rir2(—3.57 — 1.89i)| , (34)
AP, V) = [(~10.37 — 6.36) + rilird2(=5.97 + 4.20i)| | (35)
AY(V,P) = [(=10.37 — 6.36i) — r21r22(6.02 — 4.300)] . (36)

One can see that, compared to the values obtained in scheme I (Eq. (I7)-(23])), the anni-
hilation contributions predicted in scheme II are enhanced. This will apparently affect the
predictions for charmless hadronic B, — M; M, decays, which will be detailed in the next

section.

III. NUMERICAL RESULTS AND DISCUSSIONS

In the B.-meson rest frame, the branching ratio for a general charmless B, — M; M,

decay can be written as®

i,
Br(B. — M Ms,) = Sf; WLL]M(B; — M M), (37)
Bc

2 At the moment we focus only on the PP, PV, and VP modes. For the VV mode, three different
configurations for the outgoing mesons, labeled by their helicities, have to be considered. In the QCDF
approach, the transversely polarised amplitudes in V'V modes do not factorise even at leading power in

the heavy-quark expansion, making the calculation less predictive [20, 137)].

12



where 75, is the B.-meson lifetime, and |p] is the center-of-mass momentum of either of the

two outgoing mesons, with

V[, = Gmas, + mag)?] [, — (ma, = mag,)?

2ch

|l =

(38)

The decay amplitude A(B, — M;M,) can be obtained from the hadronic matrix element
(M M| He| B ) defined in Eq. (3)); for convenience, we collect in Appendix A the explicit
expressions of the decay amplitudes for the considered decay modes. The CP-violating
asymmetries for all the considered B, decays are absent, since there involves only a single
tree operator in the decay amplitudes, which can be clearly seen from Eq. ().

With the theoretical expressions given above and the input parameters collected in Ap-
pendix B, we proceed to evaluate the CP-averaged branching ratios for these charmless
B. — MM, decays. In our calculation, the default value of the renormalization scale is
set at u = mp,/2, which is approximately the averaged virtuality of the time-like gluon
propagated in the annihilation diagrams. The numerical results based on the two schemes
are collected in Table [[I. In Table [II, Table [V] and Table [V], we also present detailed error
estimates induced by the theoretical uncertainties of input parameters for the strangeness-
conserving (|JAS| = 0) processes. The first error shown corresponds to the variation of the
CKM parameters A and A (named as “CKM”), the second error refers to the variation of
the quark masses, decay constants, and the n — 7’ mixing angle (named as “hadronic”). The
third error arises from the variation of the renormalization scale p (named as “scale”). The
last error reflects the uncertainty due to the dynamical gluon mass m, (named as “m,”).

Based on the results collected in Table [IHV] we have the following observations and

remarks:

e The two-body charmless hadronic B, — M; M, decays can be classified into two cate-
gories: the strangeness-conserving (|AS| = 0) and the strangeness-changing (|JAS| =
1) processes. From the numerical results listed in Table[[Il one can see that the branch-
ing rations of |AS| = 0 channels are generally much larger than those of |AS| =1
ones. This is due to the large hierarchical structure between the two CKM matrix

elements Vg and Vi, |Via/Vas|* ~ 19.

e In scheme I, the branching ratios obtained with W-I and W-III very close, they are

vary in the ranges of 107! to 1078, being larger than the corresponding ones obtained

13



with W-II. This is consistent with the wave function, W-III is very close to ¢ function
as shown in Fig. Pl In scheme II, the annihilation contribution are enhanced when
we adopt the IR finite gluon propagator, and the branching ratios are not sensitive
to the choice of wave function for B, meson. On the whole, the results of this paper
are smaller than the corresponding ones obtained in the pQCD approach [25]. The
large discrepancies among these theoretical predictions make it very necessary to make

more detailed studies of these kinds of B, decays.

Among these charmless B, decays, only several decays modes, such as B, — K~ K",
K*~ K K-K* n~w, and p~n(), have relatively large branching ratios, being around
O(1077) in Scheme-II. All of these channels belong to the |[AS| = 0 transitions that
are CKM favored. It is found that branching ratio for B, — 7 w decay has the
largest branching ratio Br(B, — 7~ w) = 12.8 x 107®, which is promisingly detected
by experiments at the running Large Hadron Collider and forthcoming SuperKEKB.

For By — 7 7% 7 p° and p~7" decays, on the other hand, since |r%),|p°) =
(|au) — |dd))/+/2, the contributions from @u and dd components of the neutral mesons
cancel each other exactly or almostly, resulting in (approximate) zero branching ra-
tios of these three channels. For B — 7w, 70" and p~n") decays, due to the
flavor decomposition |w),|n,) = (|au) + |dd))/+/2, the interference between the two
flavor components @u and dd of the neutral mesons is constructive, resulting in larger
branching ratios. Taking into account the fact that f, > f, > f,, one can easily un-
derstand the pattern of their branching ratios. Especially, the decay modes 7 (p~)n
and 7~ (p~)n’ have similar branching ratios, because only the |n,) term involves in the

decay amplitudes.

For B — K®™n) decays, the obtained branching ratios show a rather different
pattern, Br(K®~n) > Br(K®n), from that of Br(z7~(p™)n') ~ Br(z~(p7)n). It is
also observed that Br(K®)~5') is much larger than Br(K®~7%), while Br(K®=n) is
suppressed rather than enhanced compared to that of the 7° mode. To understand
the enhancement and suppression patterns, we should note that both the |n,) and |7;)
terms contribute to these |AS| = 1 transitions, but with an opposite sign between
them for the n and 7’ final states, which is due to the fact that fg(,) >0, fy >0,

while f; < 0. This results in a destructive interference for the 1, but a constructive

14



interference for the ' modes. Similar patterns have already been observed in the

B — Kn" and B — K*n") decays [50].

e As discussed in Ref. [24], several relations among the charmless B, decay channels
hold in the limit of exact SU(3) flavor symmetry. For B. — PP decays, for example,

one of such relations reads
A(B; — K%)= V2A(B; — K 7% = M(B, — K~ K, (39)

with the Cabibbo-suppressing factor )= Vius/Vua. Similar relations could also be found
for B, — PV decays, with the replacements m — p and/or K — K*. We find that the
first equality holds exactly in both scheme I and scheme II, because the exact isospin
symmetry is assumed in our calculation. The second equality is, however, violated by
the differences between decay constants and light-quark masses, which account for the

SU(3)-breaking effect.

e As the relevant CKM parameters have been measured quite precisely, the theoretical
errors introduced by the CKM parameters are small. The uncertainty due to the
variation of the dynamical gluon mass in scheme II is also found to be negligible.
The main uncertainties are due to the variation of the renormalization scale, as well
as the mixing parameters for n and ' final states. The large scale dependence of
the branching ratios is understandable, because only the leading order term in oy
is taken into account in our calculation. Furthermore, the different choices of the
renormalization scale also account for the main differences among our results and the

ones presented in Refs. |24, 23].

Finally, we would like to point out that it is hard to estimate the systematical uncertainties
coming from the hypothesis underlying our calculations, such as the one-gluon approximation
for the annihilation mechanism, the use of asymptotic distribution amplitudes, as well as

the neglect of 1/my-suppressed power corrections.

IVv. SUMMARY

Being the lowest-lying bound state of two heavy quarks with different flavors, the B,

meson is an ideal system to study weak decays of heavy mesons. In this paper, we have
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carried out a detailed study of two-body charmless hadronic B, decays, which can proceed
only via the weak annihilation diagrams within the SM and are, therefore, very suitable
for further improving our understanding of the annihilation mechanism, the size of which
is currently an important issue in B physics. Explicitly, we have adopted two different
schemes to deal with these decays: scheme I is similar to the usual method adopted in the
QCDF approach, while scheme II is based on the infrared behavior of gluon propagator and
running coupling. For comparison, we adopt three different kinds of distribution function
for B, meson. It is found that the strength of annihilation contributions predicted in scheme
IT is enhanced compared to that obtained in scheme I. The branching ratios are not sensitive
to the choice of wave function for B, meson in scheme II. However, the predicted branching
ratios are inconsisitent with the corresponding ones obtained in the pQCD approach [25].
The large discrepancies among these theoretical predictions make it very necessary to
make more detailed studies of these kinds of B, decays, especially from the experimental
side. It is interesting to note that the LHCb experiment has the potential to observe the
decays with a branching ratio of 10~7, which will certainly provide substantial information

on these charmless B, decays and deepen our understanding of the annihilation mechanisms.
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Appendix A: Decay amplitudes in the QCDF approach

Starting with Eq. ([B)) and adopting the standard phase convention for the flavor wave
functions of light and heavy mesons [20, 50, 51], one can easily write down the decay ampli-
tude for a given decay mode. Firstly, there are eight charmless B. — PP decays with the

corresponding amplitude given, respectively, as (the exact isospin symmetry is assumed):

AB; 577 =SV fofa foo [bo(a®, 77) = bo(m™, 7% =0, (A1)
ABZ =7 =SV fafe £ [ba(m00) + ba(n®, 77)] (A2)
A(B; = K~ K") = %‘Qb i I8 S froo ba (K, K°) (A3)
A(B; — K~ 7°) = CE VLV B fr—fro ba(n% K7, (A4)
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A(BZ — K'n7) = SEV, Vi fo.fro frba(n™, KO), (A5)

A(Bc_ — K_W(/)) = % ‘/vazjs chfK* [fs(/) 52(77(,)7 K_) + ﬁf;(’) b2(K_7 7](,))] . (A6>

The decay amplitudes for the 15 charmless PV modes can be written, respectively, as:

'A(Bc_ — ﬂ-_po) = % VvaVu*d ch.fW*pr [62(p0’ ﬂ-_) - bQ(W_a pO)] ) (A7)
A(B; = 1 w) = LV Vs oo fr fu [ba(w,m7) + ba(n7,w)] (A8)
A(Bc_ %K*_KO) = G_\/g‘/cb u*dech**fKo b2(K*_7K0)7 (A9>
A(B; — K~ p°) = SEVaVi fe S fo ba(p° K7, (A10)
A(Bc_ _)Kop_) = G_\/g‘/cbvzjszc.fKofp* 62(p_a[_(0)a (Al]')
A(B, — K w) = CEVLVE B fi—fuba(w, K7), (A12)
A(Bc_ — p_ﬂ-o) = % ‘/Cb Jd chfp’fﬂo [b2(7T07 p_> - b2(p_77ro)] ’ (A13>
A(B; — p ") = LV Vi o fo oy 020V, p7) + ba(p™,n?) (Al4)
c pn 5 VebVud JBeldp n") 2\ P 2P 7 >

A(B; = K~K*) = % VoV o fic— frewo ba (K~ K*0) (A15)
A(Bc_ — K*_W()) = G_QF ‘/;bVJs chfK*’fWO b2(7T07 K*_) ) (A16>
A(B; = k™) = G VLV i oo bl K (A17)

AB; = K q) = SE ViV, fo fiee [£ ba(n®, K7) + V20 ba(K )] (AL8)

A(B; — ¢K™) = % Vo Vi [ fofr—D2(K™, 9). (A19)

Appendix B: Input parameters

To get the Wilson coefficients C;(1) at the lower scale u = mp, /2, we adopt the following

input parameters [52]:

as(Myz) = 0.1185 + 0.0006,  a(My) =1/128,  sin®fy = 0.23,
My =91.1876 GeV, My = 80.385 GeV, m, = 173.21 £ 0.87 GeV. (B1)

We also vary the renormalization scale p in the region [mp_ /4, mp.] to assess the scale

uncertainty.
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For the CKM matrix elements, we use the Wolfenstein parameterization [53] and keep

terms up to O(\?) [34):

Vi =1-1IA2 -1+ 009,
Vis =A+O0), Vo= AN+ 0N, (B2)

with the inputs A = 0.813703%5 and A = 0.2255170:39058 [54].

For the n — i’ system, we adopt the Feldmann-Kroll-Stech (FKS) mixing scheme defined
in the quark-flavor basis |[51], where the physical states |n) and |n’) are related to the flavor
states |n,) = (|au) + |dd))/+v/2 and |n,) = |s5) by

| _ [coso —sing | (ng) | (B3)

") sin ¢ cos ¢ |7s)
The decay constants f?, and f?,, as well as the other hadronic parameters related to n and
U "
n' can then be expressed in terms of two decay constants f, ; and the mixing angle ¢ [50)].
The values of these three parameters have been determined from a fit to experimental data,

yielding [51]
fo=(L07T£0.02)fr,  fo=(134£0.06)f,, ¢=239.3°+1.0° (B4)

Finally, a summary of the other input parameters entering our numerical analysis is given
in Table[ll It is noted that the latest experimental determinations of f, and fx [52] compare
positively within errors with the lattice results [55]. Our values of the vector-meson decay
constants are taken from Ref. [56], which are an update of the ones extracted in Ref. [57)].
The scale dependence of the transverse decay constants is taken into account via the leading-

)]4/ % The light quark masses given in the

logarithmic running £ (11) = 1 (to) [as(12) /e st
table are the running masses defined in the MS scheme; to get the corresponding pole and
running masses at different scales, we use the NLO running formulae collected, for example,

in Ref. [58]. The b- and c-quark masses are, however, defined as the pole masses.
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TABLE II: The CP-averaged branching ratios (in units of 1078 for |AS| = 0 and 107 for |AS| =1
transitions) of B, — PP (upper) and B. — PV (lower) decays based on the two schemes and

three kinds of B, meson distribution function.

Wave-1 Wave-11 Wave-I11
Decay modes | Cases S-1| S-II| S-1| S-II| S-1I| S-1I

B w7 n° ||AS|=0[ 0 0 0 0 0 0
BT — 7 n ||AS|=0] 2.82 | 550 | 1.30 | 4.87 | 3.00 | 5.61
B — ' ||AS|=0| 1.86 | 3.63 | 0.86 | 3.21 | 198 | 3.70
B - K-KY||AS|=0| 469 | 915 | 218 | 911 | 501 | 9.25
By - K7 [|[AS|=1| 092 | 1.79 | 043 | 1.86 | 098 | 1.81
B — K%~ ||AS|=1| 1.84 | 359 | 086 | 3.72 | 1.97 | 3.61
B — K™n ||AS|=1| 017 | 033 | 0.08 | 045 | 0.18 | 0.33
B — K~/ ||AS|=1] 385 | 752 | 179 | 7.28 | 411 | 7.62

By w7 p ||AS|=0| 0 0 0 0.02 0 ~0
B — p~n® |[|[AS|=0] 0 0 0 0.02 0 ~0
B -1 w |[|[AS|=0] 619 | 124 | 263 | 102 | 659 | 128
B —pn ||[AS|=0] 534 | 106 | 232 | 743 | 567 | 11.0
B —p ' ||AS|=0| 352 | 7.00 | 1.53 | 4.90 | 3.74 | 7.26
B — K*K°||AS|=0| 546 | 11.0 | 231 | 881 | 582 | 11.3
B - K- K*||AS|=0| 546 | 11.0 | 231 | 994 | 582 | 113
B - K—p° ||AS|=1| 153 | 3.07 | 0.65 | 230 | 1.63 | 3.17
B — K%~ ||AS|=1| 3.06 | 614 | 1.31 | 461 | 3.26 | 6.33
B — K* a0 ||AS|=1| 1.04 | 209 | 044 | 198 | 111 | 214
B — K07~ ||AS|=1| 207 | 419 | 087 | 3.95 | 221 | 4.28
B - K w ||AS|=1| 1.17 | 235 | 050 | 177 | 1.25 | 2.42
B — K* ™ ||AS|=1| 0.15 | 032 | 0.06 | 029 | 0.16 | 0.32
B — K* i/ ||AS|=1| 458 | 922 | 195 | 741 | 4.88 | 947
B — ¢K~ ||AS|=1| 355 | 718 | 149 | 7.02 | 3.78 | 7.33
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TABLE III: The CP-averaged branching ratios and theoretical errors (in units of 107%) of B, —
PP(V) decays with |[AS| = 0 based on W-I. The theoretical errors correspond to the uncertainties

referred to as “CKM?”, “hadronic”, “scale”, and “m,” defined in the text.

Decay modes | Cases Scheme I Scheme 11

By —a  ||AS| = 0| 2.82 050 T 0 |5.50 03 T T8ag 103
B (1881 = 0] 16 008 a1 AR
B o KD |[as] = 0laon B 01508 0 0 03
Br » 7w ||AS|=0[6.19T05 TOR G| 124082 7500
B || =053 0B 063y
By — pmif ||AS]=0]3.52 5058 7050 5" | 7.00 £0:50 T128 Tia o6
By — K*~K°||AS| = 01546 o33 05 T | 1103 L6y
B - K|S = 5.6 GBI Y 10ty

TABLE IV: Same as Table[ITll but based on W-II.

Decay modes | Cases Scheme 1 Scheme 11

By —mn  ||AS| = 0[1.30 006 C5:95 T3 | 4-87 1035 T3 56 25050
By —mn' ||AS] = 0]0.86 006 065 To.60| 3-21 103 T8 71 THAR 050
B; — K~K° ||AS| = 0|2.18 7013 7003 55| 911 7063 7036 Th61 06
B »mw ||AS|=0[2.63T0 13703118 102793 9T
By = pn ||AS| = 012327513705 1T T30 TG R 05
By = p7n' ||AS| = 0153750 T8 3| 4.90 705 5 Thel To s
B; — K*"K°||AS| = 0(2.31 015105 15| 8817065 T1a5 1335 1050

— — 77%0 _ +0.11 40.24 +7.24 +0.46 +1.37 +9.66 +0.00
Bc - K™K |AS| = 0]2.31 —0.16 —0.22 —1.72 9.94 —0.71-1.23 —5.89 —1.60
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TABLE V: Same as Table[ITl] but based on W-IIL.

Decay modes Cases Scheme 1 Scheme 11

B | IasI=0 | so0GHIBRSR | se iR eh gy
Bl | 1881=0 | LSRR | an0 iR gy
B KD | 185120 | B0I0R AR | ea by
By »mw | JAS|=0 | 65955 Tt | 1280 s koY
B | IAsI=0 | ST | ot
B | IaS|=0 | sTeRETT | rae U R
Bi = K*"K° | JAS|=0 | 582 530 fosg T | 1803 ek
B KK | as|=0 | STy | natin iy
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