Ne
o
)
AN
(@)
-
<
—
AN
S
9N
(o)
—
™M
o
N~
o
~
-
T
Q.
QD
=
=
X
@

Revised Version DESY 07-021

DESY 07-021
March 2007

Charmless non-leptonic B; decays to PP, PV and V'V final states in
the pQCD approach

Ahmed Ali®, Gustav Kramer®
¢ Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany
b II. Institut fiir Theoretische Physik,

Unwwversitit Hamburg, 22761 Hamburg, Germany

Ying Li, Cai-Dian Lii, Yue-Long Shen, Wei Wang and Yu-Ming Wang
Institute of High Energy Physics, CAS,
P.O. Box 918(4), 100049, P.R. China
(Dated: August 22, 2007)

Abstract

We calculate the CP-averaged branching ratios and CP-violating asymmetries of a number of two-body
charmless hadronic decays B9 — PP,PV,VV in the perturbative QCD (pQCD) approach to leading
order in a; (here P and V denote light pseudo-scalar and vector mesons, respectively). The mixing-
induced CP violation parameters are also calculated for these decays. We also predict the polarization
fractions of By — V'V decays and find that the transverse polarizations are enhanced in some penguin
dominated decays such as B_g — K*K*, K*p. Some of the predictions worked out here can already be
confronted with the recently available data from the CDF collaboration on the branching ratios for the
decays BO — K*+n—, B0 — K*K~ and the CP-asymmetry in the decay BY — K*n—, and are found
to be in agreement within the current errors. A large number of predictions for the branching ratios,
CP-asymmetries and vector-meson polarizations in B_g decays, presented in this paper and compared
with the already existing results in other theoretical frameworks, will be put to stringent experimental

tests in forthcoming experiments at Fermilab, LHC and Super B-factories.
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I. INTRODUCTION

There has been remarkable progress in the study of exclusive charmless B_g — hphy and
B* — hihy decays, where hy, hy are light pseudo-scalar and/or vector mesons. Historically, these
decays were calculated in the so-called naive factorization approach [1], which was improved by in-
cluding some perturbative QCD contributions |2, B] Currently, there are three popular theoretical
approaches to study the dynamics of these decays, which go under the name QCD factorization
(QCDF) M], perturbative QCD (pQCD) E], and soft-collinear effective theory (SCET) ﬂa] All
three are based on power expansion in 1/my;, where my is the b-quark mass. Factorization of the
hadronic matrix elements (hiho|O;|B), where O; is typically a four-quark or a magnetic moment
type operator, is shown to exist in the leading power in 1/m, in a class of decays. In addition,
these approaches take into account some contributions in the decays B — hihs not included in
the earlier attempts , B, H], in particular the so-called hard spectator graphs.

Despite being embedded in the A/m; approach, justified by both the large mass, m;, = O(5
GeV), and a large energy release in the decay, with Ej,, = mp/2, these methods differ significantly
from each other in a number of important aspects. For example, these differences pertain to
whether one takes into account the collinear degrees of freedom only as in QCDF and SCET, or
includes also the transverse momenta implemented using the Sudakov formalism, as followed in
the pQCD method. Also, in pQCD, the power counting is different from the one in QCDF, which
makes some amplitudes differ significantly in the two approaches. The other differing feature of
pQCD and QCDF is the scale at which strong interaction effects, including the Wilson coefficients,
are calculated. In pQCD, this scale is low, typically of order 1 — 2 GeV. In QCDF, typical scales
for the Wilson coefficients are taken as O(my,), following arguments based on factorization. There
also exist detailed differences between QCDF and SCET, despite the fact that dedicated studies
in the context of SCET have allowed to gain a better understanding of the QCDF framework.
These differences, though not inherent, lie in how practically the calculations are done in the two
approaches and involve issues such as the treatment of the so-called charming penguin contribu-
tions [7] to the decays B — hjhy. These are argued to be power-suppressed in QCDF, and left
as phenomenological parameters to be determined by data in SCET. Likewise, the treatment of
the hard spectator contribution in these two approaches is also different. We recall that a generic

factorization formula [§]

(h1hs|O;| B) = @y, (u) * (T" (u) FP"1(0) + CT (1,u) * ZPM (7, 0)) (1)



involves the QCD form factor FP"1(0) and an unknown, non-local form factor 25" (7,0). In
QCDF, this non-local form factor factorizes into light-cone distribution amplitudes and a jet
function J(7,w,v), when the hard-collinear scale v/myA is integrated out. This interpretation
of the hard spectator contribution was not at hand in the BBNS papers [4], but was gained
subsequently in the SCET-analysis of the form factors [9]. Amusingly, this SCET-result is not
used in the SCET-based phenomenology in B — hjhy decays, for example in the works of Bauer et
al. ﬂﬂ], where the use of perturbation theory at the scale v/m,A is avoided. Detailed comparisons
of their predictions with the data for the decays of the B_g (and its charge conjugate) and B*-
mesons have been made in the literature. We also refer to a recent critique [8] of the underlying
theoretical assumptions in the three methods. Data from the B-factory experiments, BABAR and
BELLE, as well as the CDF collaboration at the Tevatron, do provide some discrimination among
them. With the advent of the LHC physics program, and the steadily improving experimental
precision at the existing facilities, it should be possible to disentangle the underlying dynamics in
hadronic B-decays.

The experimental program to study non-leptonic decays B? — hyhy has also started H] with
first measurements for the branching ratios B? — K7~ and B — K+ K~ made available recently
by the CDF collaboration _ l] at the proton-antiproton collider Tevatron. Remarkably, the
first direct CP asymmetry involving the decay B? — K*7~ and its CP conjugate mode has also
been reported by CDF , which is found to be large, with Acp(B? — K*7~) = (39+15+8)%.
This is in agreement with the predictions of the pQCD approach, as we also quantify in this
paper. With the ongoing B-Physics program at the Tevatron, but, in particular, with the onset
of the LHC experiments, as well as the Super B-factories being contemplated for the future,
we expect a wealth of data involving the decays of the hitherto less studied B_g meson. The
charmless B_S — hyhy decays are important for the CP asymmetry studies and the determination
of the inner angles of the unitarity triangle, in particular v (or ¢3), which has not yet been
precisely measured. In addition, a number of charmless decays B? — hihy can be related to the
B_g — hihy decays using SU(3) (or U-spin) symmetry, and hence data on these decays can be
combined to test the underlying standard model and search for physics beyond the SM under
less (dynamical) model-dependent conditions. Anticipating the experimental developments, many
studies have been devoted to the interesting charmless BU — hyhy decays. Among others, they
include detailed estimates undertaken in the naive factorization framework ] the so-called

generalized factorization approach B |, QCDF M H B ], PQCD B and SCET B] There are



also many studies ] undertaken, parameterizing the various parts of the decay amplitudes using
distinct topologies and the flavor symmetries to relate the B_S — hihs and B_g — hihy decays.
Possible New Physics effects in these decays have also been explored [22].

In the applications of the pQCD approach to B_g — hyhy decays, the currently available works
concentrate on specific decays. However, a comprehensive study of the decays B_g — hyhs, which
have been undertaken in QCDF and SCET, to the best of our knowledge, is still lacking in pQCD.
Our aim is to fill in this gap and provide a ready reference to the existing and forthcoming
experiments to compare their data with the predictions in the pQCD approach. In doing this, we
have included the current information on the CKM matrix elements, updated some input hadronic
parameters and have calculated the decay form factors in the pQCD approach. Since these form
factors have to be provided from outside in QCDF and SCET (such as by resorting to QCD
sum rules), there is already a potential source of disagreement among these approaches on this
count. However, we remark that the estimates presented here for the cases B, — PP, PV, VV
are rather similar to the corresponding ones in the existing literature on the light cone QCD sum
rules. Thus, theoretical predictions presented in this work reflect the detailed assumptions about
the dynamics endemic to pQCD, such as the effective scales which are generated by the strong
interaction aspects of the weak non-leptonic two-body decays, setting the relative strengths of
the various competing amplitudes in magnitudes and phases. As we work in the leading order
(LO) in ay, there is considerable uncertainty related to the scale-dependence, which we quantify
in the estimates of the branching ratios, CP-asymmetries and polarization fractions for the decays
considered in this paper. Likewise, parametric uncertainties in the numerical estimates of these
quantities resulting from other input parameters are worked out. Together, they quantify the
theoretical imprecision in B_g — h1hs decays at the current stage in the pQCD approach. We have
made detailed comparison of our predictions with the existing literature on the decays B_g — hyhs
and in some benchmark decay widths and rate asymmetries in the corresponding B_g — hihs
decays. Whenever available, we have also compared our predictions with the data and found that
they are generally compatible with each other.

We also present numerical results for some selected ratios of the branching ratios involving
the decays B0 — KTK~, B — K*z~, B} — 7t7~ and B} — K~z which are related by
SU(3) and U-spin symmetries. For comparison with other approaches, we also give in Table IV
the contributions of the various topologies for these decays. The ratios worked out numerically

_ BR(BOSK*TK- _ BR(BOSK+K~— .
are: R, = W, Ry = W, and two more, called R3 and A, defined in Eq. (72)



and (73), respectively, which involve the decays B_g — K~ and B_S — K7~ and their charge
conjugates. All these ratios have been measured experimentally and the pQCD-based estimates
presented here are in agreement with the data, except possibly the ratio R, which turns out too
small. Whether this reflects an intrinsic limitation of the pQCD approach or the inadequacy of
the LO framework remains to be seen, as complete next-to-leading order (NLO) calculations of all
the relevant pieces of the B — hiho decay matrix elements are still not in place. However, there
are sound theoretical arguments why the ratios Ry, R3 and A are protected against higher order
QCD corrections, such as the charge conjugation invariance of the strong interactions (for R3 and
A), and the dominance of the decay amplitudes in the numerator and denominator in the ratio
Ry by a single decay topology. The agreement between the pQCD approach and data in these
quantities is, therefore, both non-trivial and encouraging.

This paper is organized as follows: In section II, we briefly review the pQCD approach and give
the essential input quantities that enter the pQCD approach, including the operator basis used
subsequently and the numerical values of the Wilson coefficients together with their scale depen-
dence. The wave function of the B_Q—meson, the distribution amplitudes for the light pseudo-scalar
and vector mesons and the input values of the various mesonic decay constants are also given here.
Section IIT contains the calculation of the B_g — PP mesons, making explicit the contributions
from the so-called emission and annihilation diagrams. Numerical results for the charge-conjugated
averages of the decay branching ratios, direct CP-asymmetries, the time-dependent CP asymme-
tries Sy and the observables Hy in the time-dependent decay rates are tabulated in Tables III,
V and VI, respectively. These tables also contain detailed comparisons of our work with the cor-
responding numerical results obtained in the QCDF and SCET approaches, as well as with the
available data. Section IV contains the numerical results for the decays B_g — PV. They are
presented in Tables VII, VIII and IX for the charge-conjugated averages of the decay branching
ratios, time-integrated CP-asymmetries, the time-dependent CP asymmetries Sy and the observ-
ables Hy in the time-dependent decay rates, respectively. We also show the corresponding results
from the QCDEF approach in Tables VII and VIII. Section V is devoted to a study of the decays
BY — V'V, making explicit the amplitudes for the longitudinal (L), normal (N) and transverse (T)
polarization components of the vector mesons. Numerical results for the CP-averaged branching
ratios are presented in Table X, and compared with the corresponding results from the QCDF
approach, updated recently in Ref. [18], and available data. Results for the three polarization

fractions fo, fi , fi, the relative strong phases ¢j(rad), ¢, (rad) and the CP-asymmetries are



displayed in Table XI. Appendix A contains the various functions that enter the factorization for-
mulae in the pQCD approach. Appendix B gives the analytic formulae for the BY — PP decays
used in the numerical calculations, while the details of the formulae for the decays B — PV and

B_g — V'V are relegated to Appendix C and D, respectively.

II. THE EFFECTIVE HAMILTONIAN AND THE INPUT QUANTITIES
A. Notations and Conventions

We specify the weak effective Hamiltonian B]

Heyy = %{vubv;q CLWQIW) + ColiQ3 ()| = VinVig | > Cil)Qi(1)] } +He,  (2)

where ¢ = d, s. The functions @); (i =1, ...,10) are the local four-quark operators:

e current—current (tree) operators
QY = (Tabp)v-a(dsta)v—a, Q5 = (Uaba)v_a(dsug)v_a, (3)

e QCD penguin operators

Q3 = (Gaba)v -2 Z(%CI,’@’)V—A, Q1 = (qsba)v-a Z(C];CI,%)V—A, (4)
Q5 = (Qaba)VfA Z(q_,lé’q/,B)V+A7 Qﬁ = (q_ﬁba)VfA Z(q_:quﬁ)V+Aa (5)
q q

e clectro-weak penguin operators

3, N 3, _
Q7 = §(qaba)V—A Z eq (Q3a5)via, Qs = §(Q,8ba)V—A Z cq (Gals)v+a, (6)
q q
3 3
Qo = §(qaba)V—A Z eq (Qaq5)v—a, Qo= i(qﬁba)V—A Z ¢q (€ads)v-a, (™)
q q

where a and ( are the color indices and ¢ are the active quarks at the scale m,, ie. ¢ =

u,ad,s,c,0). e le anded current 1s detined as (¢,93)v—4 = ¢,Y. (1 — 75)qs an e rg
d b). The left handed t is defined 0 L (1 5 and the right

handed current E{lq’ﬁ)er = (1 + 75)q5. The combinations a; of Wilson coefficients are

IE

aq :CQ+01/3, 03:C3+C4/3, a5:C'5+06/3, a7:C7+Cg/3, ang’9+C’10/3,

defined as usual

ag =Cy +Cy/3, ay=Cy+ C5/3, ag = Cs + C5/3, ag = Cs + C7/3, ayo = Cio+ Cy/3.  (8)

6



TABLE I: Numerical values of the combinations of Wilson coefficients defined in the text at different

scales (u).

p(GeV) | 25 | 20 | 1.5 | 1.0

ay 11| 11| 1.1 | 1.1
as(x1072) | 1.1 | —2.8 | —8.7 |-19.4
az(x1073)| 6.2 | 7.5 | 9.7 | 144
as(x1073) |-32.0|—35.8|—41.4|—51.3
as(x1073) | =5.6 | =7.4 |—10.5|—17.6
ag(x1073) | —46.8| —54.9|—68.2| —95.6
a7(x1074) | 12.6 | 12.7 | 13.2 | 14.0
ag(x10=%) | 9.6 | 10.6 | 12.2 | 15.7
ag(x1071) | -84.3|—85.4|—87.2|—91.0
a10(x1074)|-0.87| 2.3 | 7.0 | 15.5

Since we work in the leading order of perturbative QCD (O(«)), it is consistent to use the leading
order Wilson coefficients. The scale u characterizes the typical scale for the hard scattering, and
for four different values of this scale the results of the Wilson coefficients are listed in Table [Il
It is seen that the coefficient a, and the penguin operator Wilson coefficients a3, as have a large
dependence on the scale which will give large uncertainties to those channels highly dependent on
them, such as the color-suppressed QCD penguin dominant processes. This situation is typical of
leading order estimates; the reduction in the scale-dependence requires the calculation of next-to-
leading order results which are beyond the theoretical accuracy to which we are working.

We consider the B — M,Mj; decay. In the emission type diagrams with the spectator quark
5 from the initial state B, recombining to form the meson Mjs, we denote the emitted meson as
M, while the recoiling meson is M3z. The factorization formula is then denoted as Fz ;. It is
convenient to define two light-like vectors: n and v. These two vectors satisfy n? = v? = 0 and
n-v = 1. The meson M, is moving along the direction of n = (1,0,07) and Mj ison v = (0,1, 07),

we use x; to denote the momentum fraction of the anti-quark in each meson, k; | to denote the



} P2 = %(1707 OT)

ky = (LZMTZ 0,ko1)

b
Y Py=2(0,1,0
Pp = 2(1,1,07) g b= 01 0n)
e N

k= (12,0, ki) ks = (0,237 ky1)

FIG. 1: The notation in our calculation

transverse momentum of the anti-quark:

M M M
Pp = —2(1,1,07), Pp=—2 D,

V2 V2 V2

M M M
ky = (xI%,O,ku), ko = (M%,O,ku), ks = (Q%%ku% (9)

which are shown in Figure [1l

(17070T)7 P3 = (07170T)7

B. Wave Functions of the B, Meson

In order to calculate the analytic formulas of the decay amplitude, we use the light cone wave
functions ®ys .3 decomposed in terms of the spin structure. In general, ®,s,5 with Dirac indices
«, 3 can be decomposed into 16 independent components, 1,3, ’ygﬂ, O'Z;, (Y"Y5)as, Vsap- If the
considered meson M is the B; meson, a heavy pseudo-scalar meson, the B; meson light-cone

matrix element can be decomposed as [24, [25]

/ d' 2% (0D (0)55 ()| By (Pp,))

= P s o) = 2L 1) }m- (10)

From the above equation, one can see that there are two Lorentz structures in the B; meson

distribution amplitudes. They obey the following normalization conditions

d'k, _ I, d*k, - B
[ Grontd =% [ Gront =0 (1)

In general, one should consider these two Lorentz structures in the calculations of B; meson

decays. However, it is found that the contribution of ¢p, is numerically small @], thus its
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contribution can be neglected. With this approximation, we only retain the first term in the

square bracket from the full Lorentz structure in Eq. (I0)

Dy, = %(PBS - Mg, )ys6m, (k). (12)

In the next section, we will see that the hard part is always independent of one of the k" and/or
ki, if we make the approximations shown in the next section. The B; meson wave function is

then a function of the variables k" (or k) and ki only,

- gL dkf’ + 7.— 1.1
¢Bs(k1 ,k1 ) = ?d)Bs(kl ,k1 7k1 ) . (13)

Then, the B; meson’s wave function in the b-space can be expressed by

V6

where b is the conjugate space coordinate of the transverse momentum k.

®p, (7,0) = —= [ P75 + M, V5] ¢, (7,D), (14)

In this study, we use the model function similar to that of the B meson which is

M% 22 1
B S (13

b5, (z,5) = Np,2(1 - )2 exp [—

with Np, the normalization factor. In recent years, a lot of studies have been performed for the
BY and B* decays in the pQCD approach E] The parameter w, = 0.40 GeV has been fixed there
using the rich experimental data on the B} and B* mesons. In the SU(3) limit, this parameter
should be the same in B, decays. Considering a small SU(3) breaking, the s quark momentum
fraction here should be a little larger than that of the u or d quark in the lighter B mesons, since
the s quark is heavier than the u or d quark. The shape of the distribution amplitude is shown
in Figl for wg = 0.45 GeV, 0.5 GeV, and 0.55 GeV. It is easy to see that the larger w, gives a
larger momentum fraction to the s quark. We will use w, = 0.50 4+ 0.05 GeV in this paper for the
B; decays.

C. Distribution Amplitudes of Light Pseudo-scalar Mesons

The decay constant fp of the pseudo-scalar meson is defined by the matrix element of the axial

current:

Olq17u75G2| P(P)) = ifpD,. (16)



FIG. 2: Bs meson distribution amplitudes. The solid-, dashed-, and tiny-dashed- lines correspond to
wp = 0.45 GeV, 0.5 GeV, and 0.55 GeV.

TABLE II: Input values of the decay constants of the pseudo-scalar and vector mesons (in MeV) B, @]

f= Tk Jo fy Jo 5 fr Fice fe g
131 160 209 +2 165+ 9 195+ 3 145+ 10 217 + 5 185+ 10 231 + 4 200 + 10

The pseudo-scalar decay constants are shown in table [ taken from the Particle Data
Group [28]. The vector meson longitudinal decay constants are extracted from the data on
7~ — (p~, K*7)v, [28] and the transverse decay constants are taken from QCD sum rules @, @]
The input values given in table [l are very similar to the ones used in [16].

The light-cone distribution amplitudes are defined by the matrix elements of the non-local light-
ray operators at the light-like separation z, with 22 = 0, and sandwiched between the vacuum and
the meson state. The two-particle light-cone distribution amplitudes of an outgoing pseudo-scalar

meson P, up to twist-3 accuracy, are defined by [31]:

(P(P)|@s(=) 50 (0)]0) = —ifpP, / AP g (), (17)
(P(P)|@a(2) 150 (0)[0) = —ifpmo / dre™P g (z) (18)
(P(P)@A2)omrsn()0) = & fomo(Puzy — P / doe™P 45 (x) | (19)

where we have omitted the Wilson line connecting the two space-time points. ¢o(z), ¢%(x) and

#(x) have unit normalization. Mp is the mass of the pseudo-scalar meson, my is the chiral
M2 :
Mgy +Mqy

scale parameter which is defined using the meson mass and the quark masses as my =

10



m? = 1.4 GeV and m = 1.9 GeV, x is the momentum fraction associated with the quark g.
It is easy to observe that the contribution from ¢,(z), independent of the mass, is twist-2. The
contributions from ¢f'(z) and ¢g(z), proportional to r = my/Mp,, are twist-3.

The above definitions can be collected as

¢’ (x)
6

, 1
(P(P)|g25(2)q1a(0)|0) = —% ; dze™ " [75 Po () + movso” () — mot 5Pz,

= \/_ dxewpz [vs Po™ () + vsmod” () + movs(sh ¥ — 1)¢T(5U)]a5 ;
(20)

aB

with the redefinitions of the distribution amplitudes:

A fP P fP fP
6(w) = 5 Fe0ue), 0(0) = 5 T Nk

and we have performed the integration by parts for the third terms and ¢” (z) = ; L¢7(z).

3 (@), 07(2) = —=¢(2), (21)

In the pQCD approach, the only non-perturbative inputs are the meson decay constants and
meson light cone distribution amplitudes, and they are both channel independent. The meson
decay constants are either measured through the leptonic decays of the mesons and the semilep-
tonic decays of the 7-lepton or calculated from the measured ones using broken SU(3) symmetry.
Therefore there is not much uncertainty in them. The wave functions depend on the factorization
scale and also the factorization scheme. In principle, they should be determined by experiment.
Although there is no direct experimental measurement for the moments yet, the non-leptonic B°
and B* decays already give much information on them E, @] Since the pQCD approach gives

very good results for these decays, especially the direct CP asymmetries in B — 7+t7~ and

B’ — KTn~ decays [34], we will use the well constrained light cone distribution amplitudes of
the mesons in these papers [31] (see [32] for a summary and update of the LCDAs):
3/r
03(e) = TZalt = )1 +0.44C3 (1) (22)
o) = Snoascy o 29
01(w) = —S5=lC1(0) +0.55C (1) 24
d(z) = %x(l — 2)[1+ 0.17CY2(t) + 0.2C5% (1)), (25)
f
Ple) = 2\%[ 1+ 0.24C5% (1)), (26)
W) = ~ 25020 + 03503 0), (27)

V6
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with Gegenbauer polynomials defined as:

(1) =t, C3P(t) = 3t
G (1) = 1312 = 1), C3P(t) = (562 — 1), (28)
C32(t) = Le(5¢% - 3)

and t = 22—1. In the LCDAs for ¢:}(x), ¢ (x) and ¢% (), we have dropped the terms proportional
to C’i/Q’?’/Z, and take into account only the first two terms in their expansion, consistently with
the rest of the LCDAs. These distribution amplitudes are very close to the previous QCD sum
rule results . In recent years, there have been continuing updates of the light cone distribution
amplitudes [35]. However, the changes in the coefficients of the Gegenbauer polynomials do not
affect our results significantly, as shown in the next section. We also point out that the default
value of the scale at which the Gegenbauer coefficients are given above is 1 GeV. However, the
scale of the perturbative calculation in the pQCD approach where these LCDAs enter is typically
2 GeV. The LCDAs can be scaled up, as the required anomalous dimensions are known. We
have done this and find that the resulting numerical differences are small. Strictly speaking, these
differences are part of the NLO corrections. With the current theoretical accuracy, they can be
absorbed in the uncertainties on the input Gegenbauer coefficients in the numerical calculations.

As for the mixing of n and 7/, we use the quark flavor basis proposed by Feldmann, Kroll and

Stech @], i.e. these two mesons are made of nn = (uu + dd)/\/2 and ss:

') |75)
with the matrix,
vy = |0 T (30
sin ¢ coS ¢

where the mixing angle ¢ = 39.3° 4+ 1.0°. In principle, this mixing mechanism is equivalent to the
singlet and octet formalism, as discussed in [36], and the advantage here is that explicitly only

two decay constants are needed:

i

(0ny vysn|n.(P)) = 7
(057" vs5|ns(P)) = ifs P*. (31)

fa PY

We assume that the distribution amplitudes of nn and s are the same as the distribution

amplitudes of 7, except for the different decay constants and the chiral scale parameters. We
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use @]

fo=(1.07T£0.02)f; = 139.1 £ 2.6 MeV, f, = (1.34£0.06) f, = 174.2+ 7.8 MeV,  (32)

as the averaged results from the experimental data. The chiral enhancement factors are chosen as

V2f,

my" = o [7n,27 cos® ¢ + mf,, sin? ¢ — o (mf,, — m%) cos ¢ sin @], (33)
mg® = o [mf,, cos? ¢ + m,27 sin? ¢ — \/J;”fs (m727, — mf,) cos ¢ sin ). (34)

There are gluonic contributions which have been investigated in @], with the result that these
parts do not change the numerical results significantly. So, we will not consider this kind of

contribution in this work.

D. Distribution Amplitudes of Light Vector Mesons

We choose the vector meson momentum P with P? = M2, which is mainly in the plus direction.
The polarization vectors e, satisfying P - ¢ = 0, include one longitudinal polarization vector ¢,
and two transverse polarization vectors e7. Following a similar procedure as for the pseudo-scalar

mesons, we can derive the vector meson distribution amplitudes up to twist-3 [38]:

(V(P,€1)|a2(2)q10(0)[0) = % /0 dae™* [My ¢ ov(2)+ ¢;, Poy(x) + Mydi(2)] ,(35)

1
(V(P, €5)|325(2)q1a(0)]0) = % /0 dre™ [My ¢l (2)+ ¢ PoT(x)
+MVi6uup0757M6;’ynpvg¢%/(x)]aﬂ ) (36)

for longitudinal polarization and transverse polarization, respectively. Here z is the momentum
fraction associated with the ¢, quark. We adopt the convention €"'?* = 1 for the Levi-Civita
tensor e#e .

The twist-2 distribution amplitudes for a longitudinally polarized vector meson can be param-

eterized as:

dyla) = L1 =) 1+ ac30)] (37)
bu(r) = %xa o) [1+dL,c)] | (38)
bre-(z) = 35%*35(1 ) [U al O 0) + )y O] (39)
bo(a) = Heat =) [1 +a,C300)] (10

13



Here fy is the decay constant of the vector meson with longitudinal polarization, whose values
are shown in table[[Il The Gegenbauer moments have been studied extensiv|(;_lj in the literatures
]

@, @], here we adopt the following values from the recent updates @, @,
all . =0.03£0.02, a), =ad), =0.15£0.07, aly. =0.11£0.09, ay, =0.18£0.08, (41)

and we use the asymptotic form M]

ﬁtZ 3fV
26 26

The twist-2 transversely polarized distribution amplitudes ¢, have a similar form as the lon-
al

v (z) = oy () = —==(=1) . (42)

gitudinally polarized ones in eq.(BH40), with the moments
ai- = 0.04£0.03, ay, = ay, =0.14£0.06, ay,. =0.1040.08, a5, =0.14 +0.07. (43)

The asymptotic form of the twist-3 distribution amplitudes ¢y, and ¢{ are

¢y ( ) 3fV 3fV
8v6 46
The above choices of vector meson distribution amplitudes can essentially explain the measured

B — K*¢, B — K*p and B — pp polarization fractions M l l l |, together with the right

1+,  op(z) = —=(-1). (44)

branching ratios.

E. A Brief Review of the pQCD Approach

The basic idea of the pQCD approach is that it takes into account the transverse momentum
of the valence quarks in the hadrons which results in the Sudakov factor in the decay amplitude.
As an example, taking the first diagram in Fig. [ the emitted particle M, in the decay can be
factored out (in terms of the appropriate vacuum to M, transition matrix element) and the rest
of the amplitude can be expressed as the convolution of the wave functions ¢p,, ¢, and the hard

scattering kernel T}, integrated over the longitudinal and the transverse momenta. Thus,

! 2k, r d?k - .
M OC/ d$1d$3/ (2 I)T (2W§T¢B($1,k1%p1, )TH($1,$3,k1T,k3T,t)¢V($3,k3T,p3,t) . (45)
0

It is convenient to calculate the decay amplitude in coordinate space. Through the Fourier trans-

formation, the above equation can be expressed as:
1
M x / d$1d$3/d251d253¢3($1,blap1,t)TH($1,273, b1,b3at)¢v($3, b3,p3,t) . (46)
0
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Loop effects can, in principle, be taken into account in the above expression. In general, individual
higher order diagrams suffer from two types of infrared divergences: soft and collinear. Soft
divergence arise from the region of a loop momentum where all it’s components in the light-cone

coordinate vanish:
= (1,1, I7) = (A, AL A). (47)

Collinear divergence originates from the gluon momentum region which is parallel to the massless

quark momentum,
"= (l+7l_7fT) ~ (mBaA2/mBaﬁ)‘ (48)

In both cases, the loop integration corresponds to [ d*/I* ~ log A, so logarithmic divergences are
generated. It has been shown order by order in perturbation theory that these divergences can be
separated from the hard perturbative kernel and absorbed into the meson wave functions using
the eikonal approximation ] . One also encounters double logarithm divergences when soft and
collinear momenta overlap. These large double logarithm can be re-summed into the Sudakov
factor and the explicit form is given in Appendix [Al

Loop corrections to the weak decay vertex also give rise to double logarithms. For example, the
first diagram in Fig. B gives an amplitude proportional to 1/(z3x1). In the threshold region with
x3 — 0, additional collinear divergences are associated with the internal quark. The QCD loop
corrections to the weak vertex can produce the double logarithm a; In? 23 and the re-summation
of this type of double logarithms leads to the Sudakov factor S;(z3). Similarly, the re-summation
of as In? 1 due to loop corrections in the other diagram lead to the Sudakov factor Sy(z;). These
double logarithm can also be factored out from the hard part and grouped into the quark jet
function @] This type of factor decreases faster than any power of x as x — 0, so it removes
the endpoint singularity. For simplicity, this factor has been parameterized in a form which is
independent of the decay channels, twist and flavors ]

Combining all the elements together, the typical factorization formula in the pQCD approach

reads as:
1
M x / d.fb'ldl'g,/d251d253¢3(x17517p17t)
0
X Ty (21, T3, b1, bs, 1) Pas, (73, b3, ps, 1) Sy (x3) exp[—Sp(t) — Sa(t)] - (49)

The threshold Sudakov function Si(x3) and the Sudakov exponents Sg(t), Sa(t) and S3(t) are

given in Appendix A. Again, strictly speaking, the Sudakov improvements result from higher
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b b, & b%/ b\!é

E M3 % M3 E M3 %
(a) (b) (c) (d)

FIG. 3: The Feynman diagrams for emission contribution, with possible four-quark operator insertions

order contributions. However, they are included traditionally in the pQCD approach, though in
most applications, the perturbative function Ty (1, x3, 51, 53, t) P (T3, gg,,pg, t) is calculated only

in the leading order in as .

IITI. CALCULATION OF THE B; —+ PP DECAY AMPLITUDES IN THE PQCD AP-
PROACH

In the following we will give the general factorization formulae for B, — PP decays, and the
pQCD functions can be found in Appendix [Al We will use LL to denote the contribution from
(V—A)(V —A) operators, LR to denote the contribution from (V —A)(V + A) operators and SP to
denote the contribution from (S — P)(S + P) operators which result from the Fierz transformation

of the (V' — A)(V + A) operators.

A. Emission Diagram

The emission diagrams are depicted in Figure[3l The first two diagrams are called factorizable.
They will give the B — M3 decay form factor, if we factor out the corresponding Wilson coefficients

Q;.
o (V —A)(V — A) operators:
1 o0
fanFE (@) = 87Cr My, far, / dridzs / bldblbgdbgqﬁBs(xl,bl){ai(ta)Ee(ta)
0 0

x [(1 b a3) B (a3) + (1 — 223) (6F (w3) + qsg’(a:g))] he(w1, T3, br, by)

+27n3¢3p(x3)ai(t;)Ee(t;)he(x?n X1, b3a bl)}; (50)
o (V—A)(V+ A) operators:
Ffl?/s}ng (al) = _Fll?/sLﬁMg (ai)a (51)
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e (S — P)(S+ P) operators:

1 00
szng:Mg(ai) = ]_67T7“QCFMéSfM2/ d!L’ld.'L’g/ bldblbgdb3¢Bs(I1,bl){ai(ta)Ee(ta)
0 0
X | 93 (w3) + r3(2 + x3) 5 (w3) — T3$3¢§($3)] he(z1, 73, b1, b3)

121308 (w3)a; (£)) Eo(t. he (23, 21, by, bl)}, (52)

with C = 4/3 and «a; the corresponding Wilson coefficients for specific channels. In the above
functions, r; = mg; /mp,, where myg; is the chiral scale parameter. The functions F;, the definitions

of the factorization scales ¢; and the hard functions h; are given in Appendix [Al

The last two diagrams in Fig[ (¢)(d) are the non-factorizable diagrams, whose contributions

are

o (V — A)(V — A) operators:

1 00
MEE o (a;) = 327rCp My, /V6 /0 dzdzydrs /0 bidbybydby g, (11, by )y (22)

{1 = 22)63 (2) = raza (6] (@) — 6 (2) | as(t) BL(t0)

X hn(flfl, 1- X2, T3, b17b2) + hn(fL'l,l'Q,fL'?,, b17b2)

x| = (2 + 23)05 (w3) + razs (0F (w3) + 0 (w3)) | st EL(1) }, (53)
o (V—A)(V+ A) operators:

1 00
MﬁfLMg(al) = 327TC’FMEST2/\/6/ dl‘ldl‘Qd!L’?,/ bldbledb2¢Bs ($1,b1)
0 0

o {hn1, 1 = 2,3, b1, ) | (1= 22)85 () (65 () + 65 ()

+r3ws (0 (22) — 03 (22)) (05 (23) + 05 (23))

+(1 = z2)rs (¢4 (w2) + 05 (22)) (85 (w3) — B3 (w3)) ]ai(tb)Eé(tb)

—hy (21, T9, T3, b1, by) [562@534(553)(@55(952) — @3 (2))

+r379 (05 (72) — @5 (22)) (95 (w3) — @3 (w3))

s (85 (1) + 65 (22)) (68 (25) + 61 (wa)) |t ELH) ), (59)
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M3 M3 /T M3 M3
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FIG. 4: The Feynman diagrams for annihilation contribution, with possible four-quark operator inser-

tions

e (S — P)(S+ P) operators:

1 00
MBT o (ai) = 327TCFMéS/\/6/O d$1d$2d$3/0 bidbibydbsgp, (1, b1) b3 (x2)

x{ (w2 — 25 = V)65 (ws) + rss (65 (3) + 6% (23))]
xa;i(to) B (ty) hn (11,1 — @2, 23, b1, ba) + a;(t,) By (1))

x |23 () + rama (8] (w3) = 6F (29)) | Bn 1, 22, 20, b1, Bo) . (59)

From these formulas we can see that there are cancellations between the two diagrams of Fig[3l (c)
and (d). If the Wilson coefficients are the same, the non-factorizable contributions (proportional

to the small x;) are power suppressed compared to the factorizable emission diagram contributions

in eq.(G0HG2).

B. Annihilation type Diagrams

We group all the W annihilation and W-exchange, space-like penguin and time-like penguin
annihilation diagrams together and refer to them as the annihilation type diagrams. In Figll the

first two diagrams are the factorizable annihilation diagrams, whose contributions are
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o (V —A)(V — A) operators:

fB.Fypn(ai) = 87Crp My, fp, /1 dwads /°° b2db2b3db3{ai(tc)Ea(tc)
0 0

x[ (5 — 1)88 (22)04 (25) — Ararsf (2)05 (ws)

+2rorsws0f (22) (6F (v3) = 65 (3)) | ha(wa, 1 = 23, b, bo)

2208 ()65 (23) + 2rara(0F (22) — 05 (22))6F (23)

2roraas (6L (9) + ¢2T(x2))¢§(x3)] (1) B (1) ha(1 — 3, 9, bs, b2)}.(56)
There is a big cancellation between the two factorizable diagrams Figlla) and (b), such
that they are highly power suppressed, which agrees with the long time argument that

the annihilation contributions are negligible. Especially, if the two final state mesons are

identical, the formula of eq.(B8]) gives exactly zero.
o (V—A)(V+ A) operators:

Fn(a;) = Fyii (az), (57)

e (S — P)(S+ P) operators:

1 00
f5.FSP () = 167Cp M} f, /0 dadzs /0 debegdbg{[2r2¢§(:ﬂg)¢?($3)

(1= 37363 (22) (65 (w5) + 61 (3)) ] aite) Ealte)ha(wz, 1 = s, ba, )
(2305 (@2)6F () + rowa (6] (22) = 6 (22)) 83 ()|
X3 () Ba(t)ha(1 = 23,5, by, bo) }. (58)

It is interesting to see that the two diagrams Figll (a) and (b) give constructive contributions
here. Furthermore, they are not power suppressed as the (V' — A)(V — A) operator contribution
in eq.([B6) (proportional to the small z;), but proportional to 2ry or 2rs. This gives the chirally
enhanced contributions in the annihilation type diagrams. The operator Og-induced space-like
penguin contributions produce a large strong phase, which is essential to explain the large direct
CP asymmetry in the B — 777~ and B — K*7~ decays [34].

The last two diagrams in Fig[ are the non-factorizable annihilation diagrams, whose contri-

butions are
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o (V —A)(V — A) operators:

1 00
MEE (a;) = 32nCRp My /V6 / daydzodas / bydbobodbogg, (1, by)
0 0

X {hna(l‘la w2, T3, b1, bs) [ — oy (22) 3 (13) — drar3y (w2) By (3)
+rars(1 = 29) (85 (2) + 05 (22)) (95 (23) — @5 (23))
+raraas (¢ (w2) — @5 (22)) (05 (x3) + ¢§(»’U3))] ai(ta) E5(ta)
(1, 32,0, by, ) | (1= 30)05 (32)65 ()
(1 — x3)7a13(B5 (2) + b (22)) (95 (w3) — @5 (73))
oo (05 (22) — 65 (1)) (65 (w3) + 6F (wa)) | (B EL(t) ), (59)

o (V —A)(V+ A) operators:

1 00
MLR(MQ,MQ),,GZ) = 327TCFMéS/\/é/ d.’L’ldl‘le‘g/ bldbleded)Bs(!L’l,bl)
0

o { a1, 22, 23, by, o) [ra(2 = 22) (6 (22) + 6] (22)) 65 (22)
—r3(1+ 73)03 (22) (64 (23) — 65 (w5)) | i ta) (1)
+h (1, T, 23, by, bo) | 1oxa (05 (22) + ¢ (22)) B3 (3)

s — 105 (22) (0 (53) — 0F (@) | as(t) Bu(th) }, (60)

e (S — P)(S+ P) operators:

1 00
MZP(a;) = 32rCpMp /V6 / dx,dvydrs / bydbibadbyp, (11, b1)
0

o :(t0) Bl (ta) a1, 22, 23, b )| (20 = 1)63 (22) 65 ()
—Arorsdy (v2) Py (w3) + rorsws(y (x2) + ¢ (22)) (65 (x3) — b3 (23))
rars(1 = 2)(95 (2) — 65 (22)) (95 () + 65 (35)) |

Vo (1, T2, 23, b1, bo) [$2¢>‘24($2)¢§‘($3)
+ayrars(0h (2) + b5 (22)) (05 (3) — @5 (v3)))
o (1= 23) (95 (22) — 65 (22)) (6F (w5) + 6% (23)) | }. (61)

N
— Q-

They are all power suppressed compared to the factorizable emission diagrams.
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C. Results for B; — PP decays

First we give the numerical results in the pQCD approach for the form factors at maximal

recoil. For the form factors, we obtain:

B—m __ +0.05+0.00 B—~K __ +0.06+0.00
FO - 0'23—0.04—0.007 FO - 0'28—0.05—0.007 (62)

FP = 020, )

where fp = 0.19 4+ 0.02 GeV, wp = 0.40 GeV (for the B and BY mesons) and fp, = 0.23 4 0.02
GeV, wp, = 0.50 £+ 0.05 GeV (for the BY meson) have been used. They quantify the SU(3)-
symmetry breaking effects in the form factors in the pQCD approach. The input values for fg
and fp, are in agreement with the unquenched lattice results m] fs =0.216 + 0.022 GeV and
B, = 0.259+ 0.032 GeV, and with the results from the QCD sum rules [49, 50]. We also mention
in passing that a recent calculation of the distribution amplitudes for the pion and kaon with the
QCD sum rules [51], which includes a new logarithmic divergent term in the twist-3 distribution
amplitudes, leads to very large SU(3)-breaking effects in the form factors, calculating the form
factors in the standard pQCD approach [52]. This has also been observed in [27]. Whether this
feature also emerges in the light-cone sum rule approach is not clear to us.

For the CKM matrix elements, we adopt the updated results from B] and drop the (small)

errors on V4, Vs, Vis and Vi

|Viua| = 0.974, V| = 0.226, Vool = (3.6870:41) x 1073,
[Vial = (8.201059) x 1073, |Vi,| = 40.96 x 1073, |Vj,| = 1.0, (64)
a=(9975,)", v = (59.0%57)°, arg[—V;, V3] = 1.0°,

The CKM factors mostly give an overall factor to the branching ratios. However, the CKM angles
do give large uncertainties to the branching ratios of some decays and to all the non-zero CP
asymmetries. We will discuss their effects separately.

The formulas of the decay amplitudes for the various channels in terms of above topologies
are given in Appendix [Bl The CP-averaged branching ratios of B, — PP decays are listed in
Table [IIl The dominant topologies contributing to these decays are also indicated through the
symbols T' (tree), P (penguin), Prw (electroweak penguins), C' (color-suppressed tree), and ann
(annihilation). The first error in these entries arises from the input hadronic parameters, which is
dominated by the Bg-meson decay constant (taken as fp, = 0.23 £ 0.02 GeV) and the B; meson

wave function shape parameter ( taken as w, = 0.50 + 0.05 GeV). The second error is from the
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TABLE III: The CP-averaged branching ratios (x107°) of B; — PP decays obtained in the pQCD

approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic

quantities, from the scale-dependence, and the CKM matrix elements, respectively. We have also listed

the current experimental measurements and upper limits (90% C.L.) wherever available

]. For com-

arison, we also cite the theoretical estimates of the branching ratios in the QCD factorization framework

|, and in SCET

|, quoting two estimates in the latter case for some decays.

Modes Class QCDF SCET This work Exp.
0 —_ . . . . . . .
B,—»K*r T 10.2F735F3-8+0.7H08 49+£124£13+03 7613210705 15,04 0.75+ 1.0
By»K'r® | C | 049%025F02240404088 | 0.76£0.264 027 £0.17  |0.16+003H0 504002
_0 — - - . . . - .
B, - K*K~| P 22. 7551202 182+6.7+1.1£05 136735175407 1244+ 14446
—0 0
B, KK | P 24T s 17.74£6.6 £ 0.5+ 0.6 156559453500
B. - 7% | Py |0.0750:018+0.08040.00840.0101 1y 514 1 () 004 £ 0.005 = 0.004 [0.050-92+00LH0:00 ) 1000
0.016 + 0.0007 + 0.005 + 0.006
B, - |Ppw| O01LEGGIRRIGETR0 | 0.006:+0.003+ 00025585 0115566165
0.038 £ 0.013 £ 0.01670 258
By = K% | C | 034F010400H02L4016 | 080 £0.4840.29£0.18  |0.11H505+006+000
0.59 4+ 0.34 +0.24 + 0.15
B, K%' | C 20555507105 0% 45+ 15404205  |0.7250201028+041
3.9+ 1.3+0.5+0.4
Brom | P 15.6+1-5+5- 04224135 71+£64+£02+08 8.0F35+4TH00 < 1500
6.4+63+0.1+0.7
Bl wuy | P | 54.0133FRAESa00 24.0£13.6+£1.4+£27 | 21053100400
238+ 1324+ 1.6+ 2.9
B, -y | P | ALTERE303HR2400 443+£19.7+23+£17.1 | 14.0%32:52500
49.4 +20.6+ 8.4+ 16.2
_0 —_ - . - . - - -
B o | amn |0.0241 0GS048 - 05T <130
—0
BY 5 w070 | ann 0,012 50000 G s 0ns - 02874 bonn ] <210
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hard scale t, defined in Eqs. (Al) — (A8) in Appendix A, which we vary from 0.75¢ to 1.25¢,
and from Ag))cD = 0.25 £+ 0.05 GeV. The scale-dependent uncertainty can be reduced only if the
next-to-leading order contributions in the pQCD approach are known. A part of this perturbative
improvement coming from the Wilson coefficients in the NLO approximation can be implemented
already. However, the complete NLO corrections to the hard spectator kernels are still missing.
The third error is the combined uncertainty in the C'K M matrix elements and the angles of the
unitarity triangle.

For comparison, we also reproduce verbatim the corresponding numerical results evaluated in
the framework of the QCD factorization (QCDF) [16], and the ones obtained using the Soft-
Collinear-Effective-Theory (SCET) [20]. For the decays B? — PP involving an n- and/or an 7'-
meson, Ref. [20] quotes two sets of values, which differ in the input values of the SCET parameters
specific to the iso-singlet modes, describing gluonic contributions to the B — 1) form factors
and the gluonic parts of the charming penguins. They are not too different from each other
except for the electroweak-penguin-dominated decay B? — 7%'. The errors quoted in the QCDF
case correspond, respectively, to the assumed variation of the CKM parameters, variation of the
renormalization scales, quark masses, decay constants, form factors and (whenever applicable)
the 1 - n" mixing angle (collectively called “hadronic 1”), uncertainties in the expansion of the
light-cone distribution amplitudes (called “hadronic 2”), and estimates of the power corrections.
The errors shown in the case of the SCET-based results are due to the estimates of the SU(3)-
breaking, 1/m; corrections and the errors on the SCET-parameters. The last column gives the
current experimental data from the CDF collaboration ‘j, H], and the upper limits correspond
to 90% C.L.

A number of remarks on the entries in Table III is in order. We note that there is general
agreement among these methods in the tree and penguin-dominated BY — PP decays, with the
variations reflecting essentially the differences in the input quantities. This agreement is less
marked for the color-suppressed and electroweak-penguin dominated decays. For the annihilation
dominated decays, SCET has no predictions and QCDEF has essentially no predictive power as
indicated by the estimates for the decays B? — 77~ and B? — 7°7°, which vary over more than
an order of magnitude once the parametric uncertainties are taken into account. First measure-
ments of the tree-dominated decay B_S — K*7~ and the penguin-dominated decay B_S — KtK~
have been reported by the CDF collaboration, and are in the right ball-park of the predictions
shown in Table III. A good number of the decays shown in this Table will be measured at the LHC
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and Super B-factories, which would discriminate among the predictions of the three frameworks.

The decays B — 7w, B — K, By — Km and B, — KK have received a lot of theoretical
interest, as they can be related by SU(3)-symmetry, a question of considerable interest is the
amount of SU(3)-breaking in various topologies (diagrams) contributing to these decays. To that
end, we present in Table IV the magnitude of the decay amplitudes (squared, in units of GeV?)
involving the distinct topologies: T, P, £, P4 and Pgyy for the four decays modes of the B} and
B? mesons. The two decays in the upper half of this table are related by U-spin symmetry (d — s)
(likewise the two decays in the lower half). We note that the assumption of U-spin symmetry
for the (dominant) tree (7) and penguin (P) amplitudes in the emission diagrams is quite good,
it is less so in the other topologies, including the contributions from the W-exchange diagrams,
denoted by £ for which there are non-zero contributions for the flavor-diagonal states 7*7~ and
K™K~ only. The U-spin breaking is large in the electroweak penguin induced amplitudes Pgyy,
and in the penguin annihilation amplitudes P4 relating the decays By — K7~ and B, — KT K.

In the SM, however, the amplitudes Pgyy are negligibly small.

TABLE IV: Contributions from the various topologies to the decay amplitudes (squared) for the four
indicated decays B} — ntn~; K*r~ and BY — ntK~; KTK~. Here, T is the contribution from
the color favored emission diagrams; P is the penguin contribution from the emission diagrams; £ is
the contribution from the W-exchange diagrams; P4 is the contribution from the penguin annihilation
amplitudes; and Pgyy is the contribution from the electro-weak penguin induced amplitude. See text for

their definitions.

mode (GeV?)| |T]? P2 €2 Pal2 | Pew)?
By —ntn= | 0.8 48x1073 55x1073 1.6 x 1073 0.6 x 1076

By, —»nTK~| 1.0 54x1073 0 3.3x 1073 0.8 x 1076

B;— Ktn—| 12 102x1073 0 2.3x 1073 2.9 x 1076

B, > KtK—| 15 11.3x10723.5x 1073 7.3 x 1072 0.5 x 1076

The direct C'P asymmetry of By — f is defined as
yy _ BR(BY = f) = BR(B! = ) _ |A(B. = )} = |A(B. — )
P = BR(BY— f)+ BR(B' = J) _ |A(B,— NP+ A(B, = )P
The numerical results for the direct C'P asymmetries in B — PP decays are shown in Table [V]

(65)

The first error is from the B, meson wave function parameter w, = 0.507002 GeV. As fp, is an
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overall factor, it drops out in the ratio and hence does not give any uncertainty in the estimates
of the direct CP asymmetries. The second error is from the hard scale ¢ varying from 0.75¢ to
1.25¢ (not changing 1/b;, i = 1,2, 3) and ASéD = 0.25 £ 0.05 GeV. The third error is again from
the combined uncertainty in the C K M matrix elements and the angles of the unitarity triangle.
The observed CP asymmetry A% (B9 — K*+7~) by the CDF collaboration is also shown in this
table, and is found to be in agreement with the pQCD predictions.

Within (large) theoretical errors, the observed CP asymmetry is also in agreement with the
SCET estimate but in stark disagreement with the QCDF prediction. This deserves a comment.
As is well-known, the decay rates and CP-asymmetries in the decays B_g — mtr and BY — Ktr~
are related by SU(3) symmetry. The predicted CP asymmetry A%S (B9 — K*7) in the QCDF
approach shown in Table V is very similar to the SU(3)-related CP asymmetry A%L(BY — 7+77).
These CP-asymmetries are small in the QCDF approach and both are consistently in disagreement
with the data, in magnitude and sign. Using SU(3)-symmetry, the CP-asymmetry A5 (B9 —
K*7~) in SCET, given in Table V| is identical to the values quoted in Ref. [20] for the CP-
asymmetry AL(BY — mt77). As the dynamical hadronic quantities in the SCET framework
are fitted using the B-factory data on B — 77 and B — K ﬂﬂ], it is not surprising that this
phenomenological fit can account for the SU(3)-related observed CP-asymmetry in the B? decays,
such as AJL (B_g — K*7). The fitted quantities, namely the SCET-specific functions ¢, (s, differ
from their corresponding QCDF analogs. But, crucially, also the contributions of the charming
penguin [7], denoted as |A..| and arg A in [20], which are power-suppressed in QCDF, are found
to be large using data and SCET. These differences lead to a different phenomenological profile of
the B — hihy decays in SCET and QCDF. However, one has to stress that the charming penguin
contribution, which is not yet shown to factorize in SCET, obviously is not on the same theoretical
footing as the rest of the decay amplitudes, for which factorization is proven in the heavy quark
limit. Thus, the predictions in SCET [20] essentially reflect the parameterization of the charming
penguins from the available data.

In general, one has also to take into account the uncertainties caused by the Gegenbauer
moments. In recent years, the light cone distribution amplitudes have been continually updated

|. In order to check the sensitivity to the values on the Gegenbauer moments, we calculate the

branching ratio for B, — K*7~ with the following values for the twist-2 LCDAs:

af =0.06+0.03, o =0.25+0.15, (66)
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instead of af = 0.17 and af = 0.2 from eq. (25) and aj = 0.44 from eq. (22). Using the above

values and the asymptotic forms for the twist-3 LCDASs, we obtain
BR(B® — K*7~) = (7.2F35+01404) » 1079, (67)

where the errors are to be interpreted as before. The agreement between this result with the
corresponding number listed in Table [IT] confirms our expectation that this branching ratio is not
changed significantly. In our calculation, the parameters in the LCDAs are chosen at =1 GeV
but as they are scale-dependent quantities, their value at ;. = 2 GeV, the typical scale which enters
the perturbative calculation in pQCD, is required. At p = 2 GeV, the values for the Gegenbauer

moments scaled from eq. (66) are:
af =0.0540.02, al™ =0.17 +0.10. (68)
Using these values, we obtain:
BR(B! — Ktr) = (6.97370:1704) x 107° . (69)

We remark that the uncertainties caused by the scale dependence of the Gegenbauer moments are

not large, compared with other uncertainties.

D. The Observables S; and H; in time-dependent decays BY(t) — f

Restricting the final state f to have definite CP-parity, the time-dependent decay width for the
Bs — f decay is [54]:

[(BYt) = f) = e "' T(B, — f) [cosh (%) + Hj sinh (%)

— A4 cos(Amt) — Sy sm(Amt)] , (70)

where Am = my —my, > 0, T is the average decay width, and AI' = I'yy — 'y, is the difference of
decay widths for the heavier and lighter B? mass eigenstates. The time dependent decay width
['(B%(t) — f) is obtained from the above expression by flipping the signs of the cos(Amt) and
sin(Amt) terms. In the By system, we expect a much larger decay width difference (AT'/T"),. This
is estimated within the standard model to have a value (AT'/T")p, = —0.12 £ 0.05 Q], updated
recently in @] to (AT/T)p, = —0.147 4 0.060, while experimentally (AT'/T)p, = —0.3370%) [57],
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TABLE V: The direct C'P asymmetries (in %) in the By — PP decays, obtained in the pQCD approach

(This work); the errors for these entries correspond to the uncertainties in the input hadronic quantities,

from the scale-dependence, and the CKM matrix elements, respectively. The only measured CP asym-

metry is also given ] For comparison, we also cite the theoretical estimates of the CP asymmetries in

the QCD factorization framework [16], and in SCET |20].
Modes Class QCDF SCET This work EXP
=0 - 2.1+3.14+0.2+15.5 3.9+3.3+2.3
B,—»K*tr | T | —6.7 55 5007125 20+ 17+19+5 241759155420 139 £ 15 £ 8
20 16.6-+14.3+ 7.8440.9 1.84 7.442.2
B,—K%0 | € 416t 00 3at st 0l 76 £26£27£17  [59.41 10T 1575
0 - 1.042.040.5+10.4 0.9+4.94+0.8
By KTK~| P | 40" gt30t02103 —6+5+6+2 —23.370 91908
=0 0 0.24+0.240.1+0.2
B, - K'K | P | 0970205701703 <10 0
0
Bs — 7T077 PE‘W — - —0. 4+8 $+§ +88
0
By — ' | Ppw| 21.873715775075%) — 20.6 707155105
-0 18.54-28.6+5.2+34.6 2.9+6.843.1
B, — K% | C [46.8T 1505000049061 —56+£46£14+£6 | 56.47 579002
61+£59+12+38
B, > K%' | C |—36.6t3600138+193 ) 14474 16+2  |—19.9F100 1414
37+8+14+4
By—mn | P | —16705310802422 | 7.94+£49+£27£1.5 | —0.670510800
~11+50+£39+1.0
B, =y | P | 04%31403401404 10,04 +0.14 £ 0.39 +0.43| —1.30.9+0-1401
2.7+£0.9+0.8+7.6
By—nn' | P | 2180504102+ 0.9+£04+06+1.9 | 1.97)5%03+02
—3.7+10+£12+56
E[SJ — 7tr~ | ann B— - -1 2+8 411-1-% §+g i
E(s] — 71'071'0 ann — T -1 2+g 411+% %Jrg %

so that both Sy and Hy, can be extracted from the time dependent decays of B; mesons. The

definition of the various quantities in the above equation are as follows:

2Im[A]
1+ A%

Sy =

_ 2Re[)]
T
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with .
sie A(Bs = [)

A(Bs = f)’
where 7y is +1(—1) for a CP-even (CP-odd) final state f and e = arg[—V, Vi, VAV;i]. With the

A =nye (72)

convention arg[V.,| = arg[V.s] = 0, the parameter can be reduced to € = arg[—V;,V};]. The results
of our calculations for the decays B? — PP are listed in Table [Vl and compared with the ones
obtained in SCET @]

E. Specific Tests of the pQCD predictions in B_g — PP and B_Q — PP Decays

In this subsection, we confront the predictions of the pQCD approach to available data in
the decay modes B? — PP and B_g — PP, in terms of the ratios of the branching ratios and

CP-asymmetries. Restricted by the currently available data, we shall confine ourselves to the

decay modes BY — K*K~, B — K*n~, B — «ntr~ and B} — K «*. The ratio of the
BR(BO—K+K™)
BR(B_gﬁn‘ﬂr—)
In R,, the numerator is dominated by the penguin amplitude, but the denominator is a mixture

branching ratios defined as R, = has been studied at some length in the literature.
of tree and penguin amplitudes, and both the numerator and denominator have been measured
experimentally. It has been argued that the ratio R; and the two C'P asymmetries Scp(BY —
7tn7) and Cop(BY — 7rn7) = —A%L(BY — 7nt7) of the BY — 777~ channel depend, in the
SU(3) limit, on only two quantities Ej] which can be determined from data and compared with
the various dynamical models to get a clear picture of two-body non-leptonic decays. However,

not invoking the SU(3) limit, this system of observables has too many unknowns and a clean test

of the dynamical models is bogged down in the details of the hadronic input. To enable getting

_ BR(BY5K+K~)
= BR(BYSnTK-)’

the ratio R3 and the quantity called A, defined later in this subsection. The last two (i.e. R3 and

cleaner theoretical handles on the underlying dynamics, we calculate the ratio Ry

A) have been advocated by Lipkin |60] invoking earlier work by Gronau [59] as precision tests of
the SM.
The CDF collaboration has measured the branching ratio of B — K+ K~ in the form ]:
fs - BR(B} — K*K~)

5 = 0.324 +0.019 & 0.041. (73)
fi- BR(BY — 7+ K~)
Using the results [57]
fo=(104+1.9%, f,=(39.8+1.0)%, (74)
BR(BY — ) = (5.240.2) x 107°, (75)
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TABLE VI: The mixing-induced CP asymmetries Sy (the first row of each decay channel) and the
observables H (the second row) in the B; — PP decays calculated in the pQCD approach (This work).
The errors for these entries correspond to the uncertainties in the input hadronic quantities, from the
scale-dependence, and the CKM matrix elements, respectively. Estimates of these quantities in SCET [20]

are also given, quoting two of these for the decays involving an 1 and/or an n'-meson.

Modes SCET Theory 1 SCET Theory II This work
BY - Ksn® |  —0.16+0.41+0.33+0.17 —0.6155:06 015005
0.80 +0.27 4 0.25 £ 0.11 0,527 0:04+0.2240.03
B - K K*|  0.19+0.04+0.04+0.01 0.2870-03+0.04-0.02
0.979 =+ 0.008 =+ 0.007 £ 0.002 0.93+001+0.02+0.00
B! - KK’ - _ 0.04
— — 1.00
Ffj — 70 0.45 £ 0.14 + 0.42 + 0.30 0.38 £0.20 + 0.42 4+ 0.37 0.17F0- 04019008
—0.89+£0.07+0.21 £0.15 —0.92+0.08 £ 0.17£0.15 0.9910- 004001 +0-00
B, — 1%’ 0.45 + 0.14 + 0.42 £ 0.30 0.38 +0.20 £ 0.42 + 0.37 —0.17+5:00+0.07+0.03
—0.89 4 0.07 £+ 0.21 £ 0.15 —0.9240.08 £ 0.17 £ 0.15 0.9610 00t0-01+0-01
B, - K1 0.82+0.32+ 0.11 4 0.04 0.63 +0.61 +0.16 + 0.08 —0.4310-03+0-22+0.02
0.07 £ 0.56 + 0.17 + 0.05 0.49 + 0.68 + 0.21 4 0.03 —0.703-04+0-13+0.01
B, - Ksnf 0.38 +0.08 + 0.10 4 0.04 0.24 +0.09 + 0.15 4+ 0.05 —0.68T-039-06+0-00
—0.92 £ 0.04 + 0.04 £ 0.02 —0.90 £+ 0.05+0.05+£0.03  |—0.7073-0>+0-06+0-50
B, > | —0.026£0.040 £ 0.030 £0.014 | —0.077 & 0.061 % 0.022 £ 0.026 | 0.03:+9:00+0.01+0.00
0.9965 + 0.0041 4 0.0019 + 0.0015|0.9970 + 0.0048 + 0.0017 & 0.0021| 1.0079:35+9-00-+0.00
B >y 0.041 + 0.004 + 0.002 + 0.051 0.015 + 0.010 £ 0.008 £ 0.069 | 0.0479:30+9-00+0.00
0.9992 =+ 0.0002 + 0.0001 + 0.0021|0.9996 + 0.0003 + 0.0003 £ 0.0007| 1.00"535+5-00+0-00
B = 'y’ | 0.049 £ 0.005 £ 0.005 £ 0.031 0.051 + 0.009 + 0.017 £ 0.039 | 0.0470:90+0-01+0.00
0.9988 + 0.0003 + 0.0002 + 0.0017[0.9980 =+ 0.0007 =+ 0.0009 = 0.0041| 1.00"5-30+0-00+0.00
B, > mn - — 01471240050
- — 0993
B, = o'’ - = 01453400500
= — 0 99 S8 S B
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one obtains R; and Rj:
Ry =4.69+0.94, R, =1.244+0.24. (76)

We have calculated the branching ratios for the related B_g — 7tr~, 7T K~ decays in the pQCD

approach, getting:
BR(BY — rtr ) = (5855050704 x 106, BR(BY — 7K ) = (116159452501 x 1075, (77)
Taking into account the correlated errors in the numerator and the denominator, we get:
Ry = 235405 050 05, Re = 1187011 00 000 (78)

Adding the theoretical errors in quadrature, we get R; = 2.357;1% and R, = 1.18%)-1}. Hence, in

the pQCD approach, the ratio R; is smaller compared to the current data. This originates from
the fact that BR(B_g — m7r) is somewhat larger in the pQCD approach compared to the data,
and BR(B? — K*K~) is smaller than the currently measured branching ratio (see Table ITI).
Furthermore, the value of R; also depends on the s quark mass through the chiral scale parameter

m§ =mi/(ms+myq). If we use m’ = (1.940.2) GeV, where the errors reflects the uncertainty

in the quark masses, we find that R; has an additional uncertainty R, = 2.3575%. Adding this

error with the one quoted above in quadrature yields R, = 2.35752%. It would be interesting to
investigate how the NLO contributions modify the ratio R; as the tree and penguin amplitudes
are expected to be renormalized differently including the O(a?) corrections, as shown in [52] in
the context of the B — PP decays.

The ratio Ry, on the other hand, comes out just about right in pQCD, as in this ratio both
the numerator and denominator are dominated by QCD penguin amplitudes. One also expects
that this ratio is stable under O(a?) corrections, as the denominator in Ry is itself stable against
such corrections (see Table III in E]) and very similar arguments apply to the decay rate for the
numerator. The stability of the color-allowed QCD penguin amplitudes against one-loop correc-
tions to the hard spectator scattering is also borne out in the QCD factorization framework [g].
The SU(3)-breaking effects in Ry are of the same size as the corresponding effects in the form
factors, typically £ 30%, and this likely is the dominant theoretical uncertainty in this ratio. In
Fig. B we plot the ratio Ry vs. AUL(K*77) for the LO pQCD-based calculations worked out

by us and compare them with the current data on these observables. The experimental value of

R, has already been given earlier, and we use A%, (B — K*r~) = —0.093 + 0.015 B] We
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FIG. 5: Ry vs A% (7K). The region inside the solid (red) box is the pQCD calculation in the LO. The

experimental results are shown as bands within their +10 errors.

recall that the direct CP asymmetry A% (K*7~), calculated by us in the LO pQCD approach,
A% (BY — gt K~) = —0.17130240.05+001 s numerically significantly different than the earlier
estimates of the same in this approach (for example, the central value of this CP asymmetry in
LO is quoted as —0.12 in [52]). This mismatch reflects the dependence of AZ%,(K*7~) on the
input quantities, in particular V,;,, which have evolved in the meanwhile. Thus, with our input
values, we find good agreement with data on Ry but not so for A% (K*7 ), as shown in Fig. [l
However, taking into account the O(a?) contributions, this CP-asymmetry is renormalized while
R, remains practically the same. Taking the central values from Table IV of Ref. [52], one gets a
K-factor of 0.75 for A%, (K*7~) (the central value in NLO is —0.09 with the input values used
there). Using this K-factor, and our LO calculations, we estimate AZ%(K*7~) = —0.13 4+ 0.04 in
NLO, making it compatible with the current data. This is shown in Fig. [B It should, however,
be pointed out for the sake of clarity that the NLO corrections in [52] are not complete, as the
hard spectator contributions in O(a?) are not all calculated. Hence a residual contribution to
Adr(K*+n~) (and other observables) can not be logically excluded. However, our discussion here
underscores the dominant source of the uncertainty in A%y, (K *+7~), which is of parametric origin.
In B) - K~nt and BY — K*7~, the branching ratios are very different from each other due

to the differing strong and weak phases entering in the tree and penguin amplitudes. However,
E], the two relevant products of the CKM matrix elements entering in the

as shown by Gronau
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FIG. 6: Ry vs A%"(7K). The region inside the solid (green) box is obtained by estimating A%, (7K) in
NLO, as discussed in the text. Ry (pQCD) and the experimental results are the same as in the previous

figure.

expressions for the direct CP asymmetries in these decays are equal, and, as stressed by Lipkin @]
subsequently, the final states in these decays are charge conjugates, and the strong interactions
being charge-conjugation invariant, the direct CP asymmetry in B — K~7* can be related to
the well-measured CP asEmetry in the decay B_g — K*7~ using U-spin symmetry. In this

e

symmetry limit, we have
|A(B;, — ntK)|? — |A(By, = n" KV)|? = |A(Bg — 7" K7)|> — |A(By — 7~ KM)|?, (79)
BR(B; — m"K~) 7(By)

Adit (B TKT) = — A% (B, KT - = : :
CP( d— T ) C’P( - ) BR(Bd_>7T+K_) T(Bs) (80)

Following the suggestions in the literature, we can test these equations and search for possible
new physics effects which would likely violate these relations. To that end, one can define the

following two parameters (using Eq. (G3]) for the definition of CP asymmetry):

b |A(B, = mtK~)|2 — |A(B, — 1~ K*)|? (81)
P T ABy = KH — |A(By— K )2

_ A¥(By—7"K™) BR(B, —»7"K™) 7(By) (82)
A4 (B, -7 K*) BR(B;—ntK-) 7(Bj)

The standard model predicts R3 = —1 and A = 0 if we assume U-spin symmetry. Since we have

a detailed dynamical theory to study the SU(3) (and U-spin) symmetry violation, we can check
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FIG. 7: Rs3 vs A: The red (smaller) rectangle is the pQCD estimates worked out in this paper. The

experimental results with their 10 errors are shown as the larger rectangle.
how good quantitatively this symmetry is in the ratios R3 and A. We find:

— +0.044-0.034-0.09 _ +0.03+0.03+0.06
R3 - _1‘0070.0470.0470.08? A= _0'0070.0370.0270.047 (83)

The differing values of wp and wg,, which enter in the B) and B%-meson wave functions, contribute
dominantly to the first errors, whereas the current uncertainties on the C' K M angle v and Vj, are

reflected in the third errors given above. The scale-dependent uncertainties leading to the second

error are relatively small. Adding all the theoretical errors in quadrature, we get Rz = —1.00701)
and A = —0.001“8:8;. Thus, we find that these quantities are quite reliably calculable, as anticipated
on theoretical grounds. On the experimental side, the results for R3 and A are [13]:

R3; =—-0.84+0.424+0.15, A =0.04+0.11+ 0.08. (84)

We conclude that the SM is in good agreement with the data, as can also be seen in Fig. [[] where
we plot theoretical predictions for Rz vs. A and compare them with the current measurements of
the same. The measurements of these quantities are rather imprecise at present, a situation which

we hope will greatly improve at the LHC (and Super-B factories).
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IV. CALCULATION OF B; TO A VECTOR AND A PSEUDO-SCALAR MESON IN
THE PQCD APPROACH

A. Decay amplitudes

In the decays of By to a vector and a pseudo-scalar meson, only the longitudinal polarization
of the vector meson can contribute, thus the decay formulas are very similar to those of the
B, — PP decays. Since the Lorentz structure of the vector meson wave functions is different from
the pseudo-scalar case, there are two kinds of emission diagrams in principle. If the emitted meson
is a vector meson, the decay amplitudes are the same as that of the By, — PP case, since they
are both characterized by the B; — P transition form factors. For the non-factorizable diagrams
and also those diagrams in which a pseudo-scalar meson is emitted, the distribution amplitudes

of the pseudo-scalar meson will be replaced by that of the vector meson as follows:

65 () = d2(x), 63 (x) = d3(x), @5 (x) = dh(x), Moz — M, (85)

where M, is the mass of the vector meson. The factorizable emission topology F3- » does not
contribute as the vector meson cannot be generated by the scalar or the pseudo-scalar density.
Furthermore, we must add a minus sign to ¢5(z) and ¢4(z) in the annihilation diagram formulas

Fonn and Mg, if the vector meson is on the light s quark side.

B. Numerical results for B; — PV decays

The branching ratios of B, — PV decays are listed in Table VIIl The direct CP asymmetries
of the B, — PV decays are given in Table VIIIl They are compared with the corresponding
calculations in the QCDF approach B], where the sources of the errors in the numerical estimates
have the same origin as in the discussion of the B — PP decays. Comparison of the entries in
Table [VITshows that the two approaches give similar results for the tree-dominated decays and the
QCD penguin- and electroweak-penguin dominated decays (except for those involving an n or 1’
in the final states), and they are radically different for the annihilation-dominated decays (the last
four entries in this table). The branching ratios for B, — pn and By, — pn are of the same order as
the QCDF results, but there are large differences in B, — w(¢)n and B, — p(¢)n'. In QCDF, the
branching ratios for By — én, By — ¢n' and B, — ¢7° (electro-weak penguin dominated process)

are of the same magnitude, which implies that the color-suppressed QCD-penguins have a reduced
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value similar to the electroweak penguins. However, in the pQCD approach, the factorization scale
is low and this dynamically enhances the color-suppressed QCD penguins sizably.

Predictions for the CP-asymmetries in the two approaches given in Table [VIII] are, however, all
quite different. The zeros shown in some cases for the pQCD approach will be lifted on including
the neglected small subdominant contributions. Also, as opposed to the QCDF approach, we
are able to calculate the CP asymmetries in the annihilation-dominated topologies. The mixing-
induced C'P asymmetries (Sy)p, and the observable (Hy)p,, defined in the previous section, are
shown in Table[[Xl Currently, there is no data to confront the estimates given in Tables [VII], [VITI]
and [X] and again we hope that this will be remedied at the LHC (and Super-B factories).

V. B; =+ VV DECAYS IN PQCD APPROACH

A. Decay amplitudes

There are three kinds of polarizations of a vector meson, namely longitudinal (L), normal
(N) and transverse (T). The amplitudes for a B, meson decay to two vector mesons are also
characterized by the polarization states of these vector mesons. The amplitudes A for the decay

B(Pg) — Va(Py, €3,) + V3(Ps, €3,) can be decomposed as follows:

o * * v v . c vo
AP = 62u(0)63v(0) a g" + M2M3P§PB +Zmﬁﬂ ﬁPZan )
. A « * *
= A+ Anes(o=T) - e3(c =T) + ZM—;FE 67p62a(0)63ﬂ(0')P27P3p , (86)
Bs

where M, and M; are the masses of the vector mesons V5 and V3, respectively. The definitions of

the amplitudes A* (i = L, N, T) in terms of the Lorentz-invariant amplitudes a, b and ¢ are

AL = a (L) (L) + mgﬁ([f) Py e3(L) - P,
AN = a, (87)
AT - L .

o273

The longitudinal polarization amplitudes for the B, — V'V decays can be obtained from those

in the B; — PP decays with the following replacement in the distribution amplitudes:

Doz (T) = da3) (), Pyay(x) = G5 (x), dis)(x) = dhis) (), (88)

for the emission diagrams, while
Diay (T) = da3)(2), Byay () = (=) P5(a) (7), Doay (x) = (=) Bhys) (@), (89)
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TABLE VII: The CP-averaged branching ratios (x107°%) of By — PV decays obtained in the pQCD
approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic
quantities, from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we

also cite the theoretical estimates of the branching ratios in the QCD factorization framework |16].

Modes Class QCDF This work
Bimn K | T 8-7f§:‘?f§:3f?:8f8:§ s AR
Blo ko | 7| s | s
Rowio | 0 | omReann | oo
By—p’KO | C | 0617033021 100+026 | g ogt(02+00T+000
B KO | O | 0t | oartiinig
B K| C | 0asORIERR | ooorb B
Bl K | C | 0sURITIR | o1 iR
By —» K*K*| P 41 TS te3 6.07 15 1504
Bl KoK P s | arna
B, +K'K”| P 3970ttt 9% 734500
B, » KYK'| P LR AR AR AR VR 3 I e
By % |Ppw| 012530300001002 1 0167000002000
B, = " |Pow| 0.07583+00TE0024000 | 0065003001400
By = p% | Ppw| 0257085000 002002 | 0134005002000

B, —wy | P,C|0.012F 5005 0-010+0.08+0.0231 0,04 +(-03+0-03+0-00
B, —wy | P,C 002475950038 H0TT002 | 440180134000

By~ ¢n | P | 0.12558H095+051+032 3.61 00600

By—¢n | P | 005F0JHE00ISE040 g 190 00+010+0.00
By K' | P | 027500 038000000 10,1670 00000002
B. —» 1w | ann ~ 0.0005 0.004:-9:001-+0.000+0.000
ES — p+7r’ ann ~ (0.003 0. 22"'8 82""8 8é+8 8(1)
E[SJ — 7r+p_ ann ~ 0.003 0. 24"'8 gg"'g gg"'g 8(1)
B, — 1% | ann ~ 0.003 0.2370-03+0.05+0.00
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TABLE VIII: The direct C' P asymmetries (in %) in the By — PV decays, obtained in the pQCD approach

(This work); the errors for these entries correspond to the uncertainties in the input hadronic quantities,

from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we also cite the

theoretical estimates of the CP asymmetries in the QCD factorization framework [16].

Modes Class QCDF This work
Bi—wm K | T 06503 17 00 500 [ —19.01587 50
Bi=p Kt | T | —L5fJ4ti24024121 | gy 0t 24423412
By—r0K® | C | —45.7HIESHIB028A4800 | g7 4TAT800420

By—p’K® | C | 24.7HIIH0RELS | gy gr0r102422
By — KO | C | 40251701200+ 184659 | 512782181120
By — K™% | C | —58.6+39F 4190 A | 511t et a00s
B, = K'w | C | —43.97134 18053000007 | 5911324227432
By » KYK* | P | 2200080nlvobe g6 62328510
B, » K*"K | P | —3.1HM0138HL0HTS ) g5 gttiisatsl
B, + K'K"| P LT e 0
By —» KK’ | P | 02+00+02501502 0
By -1 |Ppw| 27283 14084204520 | 433408421410
By — o' |Ppw| 2787541200200 | _gotl0r2E0d
B, — o' |Ppw| 28.9%GLTI03T1o120S | o5 g1z sl
B, »wn |PC — —16.7155 410110
B, »wy |PC — (A ARy
By = ¢y | P | —84120430141404363 | gt00+0.0+0.1
By = ¢y | P |-622F130F1323480 84122 ) g gl 541240
B - K% | P | -103:394T+37450 0
FS — mw ann — 6.0fg:g+g:gf8:§
BY = ptr~ | am — 4,650 912940
B, = tp~ | am — 1340280
By - %" | ann — L7H 33 et0
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TABLE IX: The mixing-induced CP asymmetries (Sf)p, and (Hy)p, in B; — PV decays obtained in
the pQCD approach (This work); the errors for these entries correspond to the uncertainties in the input

hadronic quantities, from the scale-dependence, and the CKM matrix elements, respectively.

Modes |Class (Sf) B, (Hy)B,
T K| O |0 0o s
B K| 0 |0ss BT 0T A
By — % | Ppw | 0.0 G000 002 | 0.98 40004004064
By — p'n | Pew | 0152006 810001 | 0.9858 818054580
B | P 0165388501050 005108008
B, —wn | P,C |-0.02 580024000 0997501006660
B o | P |01 0000
By = gn | P |-0.03558 00000 | 1.0058 805004500
By —¢n' | P | 000558000 | 1.0078 8050000
B, = Kgp| P ~0.72 ~0.69
B, — nw | ann |-0.97 0006007085 |-0.227 308 0 00043
R R

for the annihilation diagrams. The factorizable emission topology contribution F gfjv?) (i =
L, N,T) vanish due to the conservation of charge parity.

The normal and transverse polarization amplitudes for By — V'V decays are displayed as
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follows. For the factorizable emission diagrams shown in Fig[(a) and (b), the formulas are

1 00
szFésLi)A‘f/g(ai) = SWCFMésf\@TQ/ dl’ldl‘g/ bldblbgdb3¢Bs(I1,bl){he(l’l,l‘g,bl,bg)
0 0
X Ee(ta)ai(ta) 95 (w3) + 2r3gs (w3) + 133305 (w3) — ¢5(w3))]
+73[05(3) + 05(23)] Ee(ty)ai(ty) he (w3, 21, b3, bl)}, (90)
1 o]
fVQFé/fQTVg(ai) = 167TCFMgSfV2T2/0 dl‘ld.fb'g/o bldblbgdb3¢38($1,bl){he(xl,l'g,bl,bg)

[ (x3) 4 2305 (z3) — r3ws(9h(xs) — 5 (23))] Ee(ta)ai(ta)

1l (aa) + 6 (wa) ety s (1) he(a, 1, b, b) (91)
Féfjvg(ai) = Féfjv?,(ai), (92)
Fly(ai) = 0, (93)

with i = L, N, T.
The non-factorizable emission diagrams are shown in FigBl(c) and (d). Their contributions are

expressed in the formulas given below:

1 o]
MEPN, (a;) = 32rCpMp r2/V6 / dz,dzodr, / bydbybydba g, (1, by)
0 0

X{ [22(05 (2) + ¢ (22)) b3 (5) — 2rs(aa + 23) (05 (22) P4 (3) + ¢5(22) P (23))]
ho (1, 22, T3, b1, b2) By (t,) a; (1)

+(1 = ) (95 (2) + ¢5(x2)) 05 (w3) B (ty) i (ty) b (1, 1 — 29, 5, by, b2)}, (94)

1 00
M1 (a;) = 647CrMy r2/V/6 / d,dzods / bldbledequs(xl,bl){E;(t;,)ai(t;,)
0 0
X [12(05 (x2) + 95 (22)) 05 (w3) — 2r3(wa + w3) (05 (w2) P (w3)
+05(2) 95 (23)) | hn (1, 2, 3, by, o)

+(1 — 22)[93 (x2) 4+ 65 (22)]05 (3) BL(t)ai(ty) hn (21, 1 — 22, 235, by, bz)}, (95)

Mgt (a;) = 2MpnY, (a:)
1 00
= 647Cp My V6 / dydaydas / bydbybydbydp, (1, by)
0 0

x130305 (22) (65 (23) — ¢5(w3))
{EL#)ai(t) (1,5, 73,51, b2) + Bl (B)as(ts)ha(w1, 1 = 5, 33,b1,b2) }, (96)

39



1 00
MgSPL)NVS (az) = 327TCFMES/\/6/ d.ﬁEld{L’le‘g/ bldblbgdbgd)Bs (1‘1, bl)’I“Q
0 0

X{$2(¢§($2) — §5(2)) b5 (w3) Ey (1) i (ty) hn (21, 22, 23, by, by)
+hn (21,1 — T, 23, b1, b2) [(1 — 22) (95 (22) — 5 (22)) b5 ()
—=2r3(1 — w2 + 23) (95 (72) P3(73) — ¢3($2)¢§($3))]EQ(tb)az’(tb)}a (97)

1 00
Mgffvg(ai) = 647TCFMéS/\/6/0 diUleUle'g/O bldblbgdbg¢33(l‘1,bl)7"2

X{@Wé(@) — §5(2)) b3 (w3) Ey (1) ai (ty) hn (21, 22, 23, by, by)
+hn (21,1 = 2,23, b1, b)) [(1 — 22) (93 (w2) — 93 (2)) 3 (3)
=2r3(1 — @2 + 23) (5 (z2) 3 (23) — ¢§($2)¢§($3))]Eé(tb)az'(tb)}- (98)

The factorizable annihilation diagrams are shown in Figl] (a) and (b), and the normal polar-

ization contributions are:
fB.Fui™ (@) = fo, Fom™ (a:)
1 00
= —SWCFMéS fBSTQT'g / dZCQd.ng / bgdbgbgdbg{Ea(tc)ai(tc)ha(lvg, 1— X3, bg, bg))
0 0
[(2 = 3) (05(22) 95 (3) + 05 (22) 5 (x3)) + 23(95(72) P5(3) + 95 (22)P5(23))]

—ha(1 = 23,79, b3, ba) [(1 + 22) (@5 (22) B3 (23) + B3 (72) P53 (73))
—(1 = 22)(d5(22) 95 (23) + d3(22) 95 (x3))]Ea(tlc)ai(tlc)}' (99)

Note, that large cancellations between the two diagrams Figll (a) and (b) take place, as a result
of which contributions from these diagrams are suppressed.

For the transverse polarization, we have

foFann (@) = —fp,Fan" (a;)
= —16WCFM§szST2T3/01 dzodrs /000 b2db2b3db3{[f3(¢5($2)¢§($3) + ¢ (72)P5(73))
(2 — 23)(95(22) 95 (23) + 3 (22) 5 (3))] Ea(te)ai(te) ha(w2, 1 — 23, b2, b3)
Fha(l — @3, T2, b3, b2)[(1 — 22) (93 (22) d5(w3) + P53 (2) 95 (x3))
—(1+ 22)(¢3(x2) 5 (w3) + ¢§($2)¢§($3))]Ea(t'c)ai(t'c)}- (100)

We remark that, although the cancellations in this case are not as severe as for the normal

polarization case, the dominant contributions are still power suppressed by rors, where ry3) =

40



My3)/Mp,. For the (S — P)(S + P) operators, we have

fo For(a;) = 2fp, Fol" (a;)

= —327Cp M} fp, /0 ' dzdr, /0 N badbybydby {3 (65(22) + 65(22))5 (v5)
X Eqy(te)ai(te)he(za, 1 — w3, by, b3)
+r30 (02) (05 (23) — ¢5(23)) Ea(te)ai(tp) ha(1 — 3, 22, by, 52)}- (101)
Again, for this case, like the By — PP decays, no cancellations among the contributing diagrams
or power suppressions are involved. The chiral enhancement here for the transverse and normal
polarizations are essential for the explanation of the large transverse polarization fraction in the

penguin dominant B decays, such as B — K*¢ and B — K*p decays [42, [43]. For the non-

factorizable annihilation diagrams shown in Fig[] (¢) and (d), we have

Mo (as) = M" (a:)

1 00
= —647TCFMEST2T3/\/6/ d.ﬁEld.',Egd.'I,’g/ bldbgbgdb2¢Bs(I1,bl)[d)g(l’g)qsg(l’g)
0 0
+¢5(22) 95 (23) | E, (ta) @i (ta) hna (21, T2, T3, b1, ba), (102)

Mcfnl;m’T(ai) = _an];’T(ai)

1 00
= —1287TCFMéST27"3/\/6/ diUleUle'g/ bldbgbgdb2¢38($1,bl)[(ﬁg(xg)(lsg(xg)
0 0
+05(22) 5 (w3) | Eg (ta) ai (ta) hna (21, w2, w3, b1, o), (103)

My (a;) = 2M N (a;)
= —647rCFMéS/\/6/ dxldedxg/ b1db badbedp, (1, bl){h;m(.fb'l,lé,l'?,, b1, bs)
(a2 (95 (22) + 05 (22)) 05 (3) — r3(1 — 3)d5 (22) (05 (w5) — 5 (w3))] Ey(ty)as(ty)
+ [12(2 = @2) (05 (w2) + ¢5(22)) b5 (23) — r3(1 + 23) by (22) (05 (23) — B5(23))]
X Eq(ta)ai(ta) hna (21, T2, 73, by, bz)}- (104)

These contributions are all power-suppressed as expected.

B. Numerical results for B; — V'V decays

The decay width for By — V,V3 is given as

P
_ I i
P=com D AbAw (105)



where P, is the momentum of either of the two vector mesons in the final states. The sum is over

the three transversity amplitudes of the two vector mesons, defined as follows:

AO = —AL,
A” = \/5@,
AL = ToT3\/ 2(/432 — ].)AT s (106)

with the ratio kK = P, - P3/(MyM;). Note that the definitions of A;(i = 0, ||, L) are consistent
with those in [18], except for an additional minus sign in A, so that our definitions of the relative
strong phases ¢;(i =||, L) (see text below) also differ from the ones in [18] by 7. The polarization

fractions f;(i = 0,]|, L) are defined as follows:

EYs
fi - A B A B A 5 - (107)
[ Ao|* + [A)[> + [AL]
We first give the numerical results of the form factors at maximal recoil:
B—K* _ +0.0540.00 B—K* _ +0.06+0.00 BoK* _ +0.0440.00
4 = 0.25"0,05 0,00, Ao = 0.305005 0101, A1 = 0.19%4:03"0.001
Bop _ +0.0540.00 B—p _ +0.0540.00 Bp _ +0.0440.00
4 =0.21%004 000, Ao " =0.25T00s 001, AT 7 = 01775657000,
Bow _ +0.0440.00 Bow _ +0.0540.00 Bow _ +0.0340.00
4 = 01900042000, Ao ¥ =0.23Zg0: 001, AT = 0.15Z5,05 000- (108)
Bs—K* _ +0.0440.00 gBs—K* _ 40.0540.00 gBs—K* _ +0.0340.00
4 = 0.21%5,03 70,01, 4o = 0.25T505 0,01, A = 0.164:0350.015
Bs—¢ _ -+0.05+0.00 Bs—¢ __ +0.05+0.00 Bs—¢ _ -+0.03+0.00
VZme = 025500001, Ao = 0.30Z005 001, A = 0.19%5:03 0.01-

where the first error in the above entries is due to the input hadronic parameters fg(p,), wy and
the second one is from the hard scale and Agep. The entries in the first three lines involve the
decays of the B* and BY mesons to two vector mesons, and as such are not required for the
B? — V'V decays being worked out in this paper. We list them here to see the SU(3)-breaking
effects in the form factors. Within errors, these form factors are in agreement with the ones in
the light cone QCD sum rules H] and with the slightly different estimates of the same in ﬂg]
The branching ratios of B, — V'V decays are listed in Table Xl They are compared with the
corresponding results in the QCDF approach [18]. A comparison shows that the tree-, penguin-
and electroweak dominated decays are comparable in the two approaches, with the numerical
differences reflecting the input parameters. The color-suppressed decays, but more markedly the
annihilation-dominated decays, differ in these approaches, a feature which is well appreciated in
the literature. The experimental upper bounds on some of the decays are also listed. Except for
the decay B, — ¢¢, where an experimental measurement may be just around the corner, all other

decay modes remain essentially unexplored.
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TABLE X: The CP-averaged branching ratios in B, — VV decays (x107%) obtained in the pQCD
approach (This work); the errors for these entries correspond to the uncertainties in the input hadronic
quantities, from the scale-dependence, and the CKM matrix elements, respectively. For comparison, we
also cite the updated theoretical estimates in the QCD factorization framework E

]. The experimental

upper limits (at 90% C.L.) are from the Particle Data Group [28].

Channel  |Class| QCDF [18] This work Exp [28]
By — p"K* | O | Lo¥ggths | 033500 0ae 001 | < 767
B, »wK*™ | O | 1270577 | 0.31%060 006 00s
By —p K™ | T | 252502050 | 209565500

By — K* K™ P | 915555052 | 6755000
By — KOK™| P | 9108413 | 7 g+L9438400 | y6g8)
By — ¢K** | P | 04%01H05 | 0.65701510 1 001 | < 1013

By —¢¢ | P |218T01T000 | 353555005100 | 148
By — ptp | ann 034505 1055505400
By — p%° | ann |0.175GG0T0 05150006 | < 320

By = p’w |amn | <0.01 |0.007E050800050:000

By = ww | ann |0.1155GF0H0.3070:08%057 000

By = ¢p° | Ppw |04010157057 | 0237060 0000 | < 617
By —»¢w | P |0.10706 05| 01675034000 000

The results for the longitudinal polarization fraction fy, parallel polarization fraction fj and per-
pendicular polarization fraction f, their relative phases ¢ = Arg(A)/Ao) and ¢, = Arg(A,/Ao)
(both in radians), and the direct CP-asymmetry in the BY — V'V decays are displayed in Ta-
ble XI. In calculating the CP-asymmetries, we have used the definition given earlier in Eq. 65l
Again, there are no data available to confront the entries in Table [XII

Two remarks on the By, — ¢¢ decays presented above are in order.

First, B, — ¢¢ is a b — s penguin dominated process. The CDF collaboration @] has
reported the decay branching fraction of this channel as (14 4+ 8) x 107°, but a thorough angular
analysis is still lacking. This channel is very similar to the decay B — ¢K*, which is well

measured in the experiment. In the B — ¢K* decays, the data show that the fraction of the
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left-handed polarization reaches about 50%. This result is quite different from the expectation
in the factorization assumption that the longitudinal polarization should dominate due to the
quark helicity analysis. There exist lots of theoretical attempts to solve this contradiction. To
distinguish, which one is the most appropriate scheme, we must investigate the decay B, — ¢¢
and other similar channels.

In the pQCD approach, the weak annihilation diagram induced by the operator Og can enhance
the transverse polarization sizably. In Ref. [63], the longitudinal fraction of B — ¢K* is about 75
%, which is much smaller than that obtained based on the factorization assumption, but still larger
than the data. Moreover, the branching fraction is overestimated. Li [64] has suggested a strategy
to solve these two problems together, by invoking a smaller value for the form factor Ay. A smaller
Ag is also consistent with the predictions in other approaches, such as the covariant light front
quark model [65]. In the pQCD approach, a smaller A, requires smaller Gegenbauer moments of
the longitudinal polarized distribution amplitudes of the recoiling vector meson. Following this
lead, and performing a calculation using the asymptotic distribution amplitude for K*, one indeed
finds that the longitudinal polarization fraction can be reduced; Ref. déj] finds that this fraction
can be reduced to 59%.

Based on the above discussion, we also analyzed the B; — V'V decays adopting the asymptotic
forms of the twist-3 distribution amplitudes in the pQCD approach, while keeping the leading-
twist distribution amplitudes up to the second Gegenbauer moments, as done for the pseudo-scalar
meson case discussed earlier. In addition, we also test the sensitivity of the branching ratio of
the By — ¢¢ decay on the Gengenbauer moments of the twist-2 distribution amplitudes. The
result of the branching ratio for this channel with asymptotic twist-2 distribution amplitudes is
22.2 x 1079, which is much smaller than that for the case with higher Gegenbauer moments and
is closer to the experiment. However, we find that the polarization fractions do not change too
much using the asymptotic forms of distribution amplitudes. The reason is that the contributions
from the annihilation topology, which enhance the transverse polarization fraction, also decrease
with a decreased value of the form factor Ay. This is different from the B — ¢ K* decay.

Second, it is to be noted that the longitudinal polarization of B — ¢K* and B, — ¢¢ can
be related to each other in the SU(3) limit. The discrepancy between them represents SU(3)
symmetry breaking effects, which can be reflected in the following aspects in the pQCD approach
specifically: In the first place, the shape parameter of B and B, wavefunction in the initial

state can give rise to differences in these two U-spin related process. Then, the longitudinal and
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TABLE XI: The CP-averaged polarization fractions, relative phases and direct CP asymmetries in the
Bs; — V'V decays obtained in the pQCD approach; the errors for these entries correspond to the un-

certainties in the input hadronic quantities, from the scale-dependence, and the CKM matrix elements,

respectively.
Channel fo(%) f1(%) FL(%) gi(rad)  pu(rad) CP(%)
B 0 7040 40.446.940.6 +0.142.140.4 40.242.340.4 ¢ =+0.240.240.3 o g+0.3+0.3+0.4 +3.2417.1+4.4
B; = p'K 455703 413 09 276702 54 03 269703755 03 2.7 03 03 01 28702 02 01 61.8757 508 53
5 0 +0.343.542. +0.241.540.4 4+0.141.441.0 1 4+0.140.240.0 | 4+0.1+0.2+40.0 +4.8419.745.5
Bs = wK 53.2403555103 23.650 11700 28.1505T 1 7 e 4TG0 T0SE0T 1480 0500 —62.1 5506 s
5 — Rt 40.140.240.0 +0.140.240.1 40.140.140.1 40.140.140.1 g 1+0.040.0+0.0 +1.0+1.2+40.
Bs = p™K 93.7703 03 02 3400 01 00 2901 01-00 3-0 00 0000 31 01 0101 —82T12 170
" o Tk +5.142.14+3.7 +2.140.940.8 FLAHLA40T 3 7H0240.140.1 4 740.240.140.1 +0.44-3.34+0.3
By = K K7 143.87 0 53715 30.175 710 e 261755370 s L7002 01 000 1702 0100 93707 556 0.2
#0770 +5.74+0.640.0 +2.642.140.0 F224LTH0.0 9 4+02+0.040.0 9 4+0.140.040.0
B, = K™K (149.775 5738 0.0 26.87570 0.3 00 23-5757 023 0.0 14701000 0.0 14701 0.0 0.0 0
B %0 43.242.740.0 +1.642.140.0 +1.441.740.0 1 4+0.140.040.0 | 4+0.14+0.0+0.0
Bs = oK 71253015700 1551 7 500 13.35 5115100 145510000 14T 000 0
" +3.642.540.0 +1.741.840.0 +1.541.540.0 1 9+0.240.140.0 | 9+0.24+0.0+0.0
B; = ¢¢ 619755573 000 20.75 0 11 0l0 1747167110k 135011 000 00 13701 010 0.0 0
B + = 40.14-0.14-0.0 4 ~+0.0+0.3+40.1 +0.241.740.1
Bs = pTp ~ 100 ~0 ~0 43700 0100 4700 0500 21501 13701
B 0,0 40.14-0.14-0.0 4 ~+0.0+0.3+40.1 +0.241.740.1
Bs = p°p ~ 100 ~0 ~0 43500501200 47 200-05-00 —2-1201 13701
5 0 40.04-0.04-0.0 g 5+0.0+0.140.0 +0.742.7+1.0
Bs = pw ~ 100 ~0 ~0 45500 00200 3-2201-00-02 60205379704
= 40.040.140.0 4 ~+0.040.240.0 +0.141.740.1
B; = ww ~ 100 ~0 ~0 43700 0100 4700 05 00 20501 1301
B 0 40.240.940.9 0-140.240. +0.140.140.1 40.040.04-0.0 o =+0.0+0.140.1 +0.94+1.6+1.3
B; — ¢p 87.0505 0.3 04 682015075 6.2701 05 0.4 39 00 0101 39 00 00-00 101709 18 035
5 +0.0+5.440.9 +3.84-3.140.1 $3743.040.2 3 4+0.140.2 40.140.240.1 +0.642.440.6
Bs = ¢w 44.37 110 28555055505 27.258,015:6701 3.020.1705500 3.05007053 00 3-670.675:4705

transverse decay constants as well as the Gegenbauer moments in the two vector mesons in the
final state can also contribute to the SU(3) symmetry breaking effects significantly. In addition,
these two decay processes also differ due to the absence of the time-like penguin annihilation in

the B — ¢K* decay.

VI. SUMMARY

With the LHC era almost upon us, where apart from the decisive searches for the Higgs boson(s)
and supersymmetry (or, alternatives thereof), also dedicated studies of the B%-meson physics (as

well as that of the heavier b-hadrons) will be carried out. First results on the decay characteristics
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of the B%-mesons are already available from the Tevatron, in particular the B - B0-mixing induced
mass difference AM,, the branching ratios for the decays BY — K*t7—, BO — K+*K~, B0 — ¢¢,
and the first direct CP asymmetry AJL(BY — K*7). These measurements owe themselves to
the two experiments CDF and DO; they are impressive and prove that cutting-edge B physics can
also be carried out by general purpose hadron collider experiments. At the LHC, we will have a
dedicated b-physics experiment, LHCb, but also the two main general purpose detectors ATLAS
and CMS will be able to contribute handsomely to the ongoing research in b-physics. Conceivably,
also at a Super-B factory with dedicated running at the Y (55)-resonance, the current experimental
databank on the B,-meson will be greatly enlarged.

Anticipating these developments, we have presented in this work the results of a comprehensive
study of the decays B_g — hyhy, where hy and hy are light (i.e., charmless) pseudo-scalar and
vector mesons. This study has been carried out in the context of the pQCD approach, taking
into account the most recent information on the CKM matrix elements and weak phases and
updating the input hadronic parameters. The decay amplitudes contain the relevant emission and
annihilation diagrams of the tree and penguin nature. Explicit formulae for all these amplitudes,
including the various pQCD-related functions, are provided in the Appendices. Numerical results
for the charge-conjugation averaged branching ratios, the direct CP asymmetries and the mixing-
induced CP-asymmetries Sy for the CP-eigenstates f, and the time-dependent observable Hy are
presented in the form of tables. In addition, for the B_S — V'V decays, we also calculate the charge-
conjugation-averaged transversity amplitudes, their relative strong phases and magnitudes. The
results for the altogether 49 B_g — hyhy decays include also theoretical errors coming from the
input hadronic parameters, variation of the hard scattering scale together with the uncertainty on
Aqcp, and the combined uncertainty in the CKM matrix elements and the angles of the unitarity
triangle. For the last mentioned error, we use the recently updated results from the CKMfitter [53].

Our results are compared with the available data on the decays B_S — hihs from the Tevatron,
and some selected B_g — hihy decays from the B-factory experiments, updating the theoretical
calculations in the pQCD approach with our input parameters. In particular, we revisited the
well-measured direct CP asymmetry A4 (BY — K*7~), working out the parametric sensitivity of
this observable, and argued that data can be accommodated in the pQCD approach by invoking
O(a?) contributions, which we estimated from the existing literature. The successful predictions
of this direct CP-asymmetry in the pQCD approach is set forth with the first observed CP-

asymmetry in the decay B_g — K*7n~. This CP-asymmetry is experimentally large and is in good
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agreement with our numerical results, within the stated errors. We have also analyzed a number
of ratios of branching ratio involving the B? — PP and B} — PP decays. They include the ratios
R, = %, Ry = %, and two more, called Rz and A, defined in Eq. (72)
and (73), respectively, which involve the decays B} — K 7t and B? — K*n~ and their charge
conjugates. Except for the ratio Ry, for which the pQCD calculations presented here are on the
lower side of the data (within large errors), the others are well accounted for. We also compare
our results with the corresponding ones in the QCDF and SCET approaches. What concerns the
branching ratios, we find reasonable agreement for some topological amplitudes, but also major
disagreement, in particular for those decays which are dominated by the color-suppressed tree and
annihilation amplitudes. There are striking differences in the CP asymmetries, in particular with
the QCDF-based estimates, which will be precisely tested in the future.

Experimental precision on B decays will improve enormously in the coming years, thanks to
dedicated experiments at the Tevatron and LHC. Many of the decay rates and CP asymmetries
worked out here will be put to experimental scrutiny. They can be combined with the B-factory
data on the corresponding B — PP, PV,VV decays, eliminating some of the large parametric
uncertainties in theoretically well-motivated ratios to test the SM precisely in exclusive hadronic
decays. In principle, theoretical predictions presented here can be systematically improved by

including higher order perturbative corrections (in «;) and sub-leading power corrections in 1/my,.
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APPENDIX A: PQCD FUNCTIONS

In this section, we group the functions which appear in the factorization formulae.

The hard scales are chosen as

to = max{\/z3Mp,,1/b1,1/b3},

t! = max{\/z;Mg,, 1/b1,1/bs},

ty = max{\/r123Mp,, \/|1 — 1 — xo|wsMp,,1/b1,1/bs},

ty, = max{y/zwsMp,, /|r1 — wa|r3Mp,, 1/b1,1/bs},

t. = max{y/1 — x3Mp_,1/by,1/bs},

t! = max{\/raMp,,1/by, 1/b3},

tq = max{\/zs(1 — 23)Mp,,\/1 — (1 — &, — x3)x3Mp,, 1/by,1/bs},
ty = max{\/z2(1 — z3) Mp,, /w1 — | (1 — w5) M, 1/b1, 1/, }.

The functions h in the decay amplitudes consist of two parts: one is the jet function S;(x;)
derived by the threshold re-summation ], the other is the propagator of virtual quark and gluon.
They are defined by

he(w1, 23,01,b3) = [0(by — b3)Io(v/73Mp,bs) Ko(\/73Mp,by) (A9)
+0(bs — b1 ) Io(v/T3Mp, b1 ) Ko (Va5 Mp,bs)| Ko(v/a123Mp,b1)Si(x3),
ho(x1, T2, 3,01, 02) = [0(ba — b1) Ko(\/T123Mp,b2) Io(\/T123Mp,b1)
+0(b1 — bo) Ko (/2123 Mp,b1) Io (/2123 Mp,by)]
in B (/{22 — 21)23Mp,by), 1 — 15 < 0

X (A10)

(1‘1 — .'L’Q)l‘gMBsbg), X1 — Ty > 0
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s

a2, 2, oy by) = (5)2S1(@s) (b2 — o) Hy (/£ Mp,bo) Jo(v/Ea M, )
00 wé”wmm bs)Jo (/%5 M, ba) | HY') (/25 Mp, b2 (A1)
hua w1, 32,23, b1,bo) = = [9 (b — bo) HS (/@2 (1 — @3) M, b1)Jo(\/T2(1 — 3) M, by)
+0(by — by) HY (/2 (1 — 23) M, b) Jo(\/72(1 — 23) Mg, b1) ]

XK (V1= (1 —x; — 29)x3Mp.by), (A12)
Bha 1,2, 73,b1,b) = = [9 (by — bo) HSY (\/22(1 — w3) M, b1 ) Jo (/22 (1 — 23) Mg, bs)
+0(by — by ) HS (/7 (1 — 23) M, bo) Jo (\/72(1 — 73) Mp,by) ]
%Hél)(\/(@ —21)(1 —x3)Mp,by), x1 — 25 <0

X ’ : (A13)
Kg(\/(.(El—l‘Q)(]_—fL’g)MBsbl), €Tl — Tog > 0

where H{"(z) = Jo(2) +1i Yo(2).
The S, re-sums the threshold logarithms In? z appearing in the hard kernels to all orders and
it has been parameterized as

@) = 22TG/2+ )

1 —2)|° Al4
Ty g o (A14
with ¢ = 0.4. In the nonfactorizable contributions, S;(z) gives a very small numerical effect to the

amplitude ] Therefore, we drop Si(x) in h, and hy,,.

The evolution factors EY and E. entering in the expressions for the matrix elements (see

section 3) are given by

Ee(t) = os(t) exp[=Sp(t) — S5(1)],  EL(t) = as(t) exp[=Sp(t) — Sa(t) — S5(t)]loy=b;, (A15)
Eo(t) = os(t) exp[=Sa(t) = S3(1)],  Ey(t) = au(t) exp[=Sp(t) — Sa(t) — S3(t)]lbs=b;, (A16)

in which the Sudakov exponents are defined as

Mp 5 (1 di
Stzs(x—s,b>+—/ —vq (s (1t A17
5(t) =50 h 31/b1uq( (1)), (AL7)
Mp, Mp, b odp _
Stzs(x b)—l—s(l—x b)—l—?/ —vq(as(f)), A18
o(t) = s (72 (1—w) 2, L@, (1)
with the quark anomalous dimension 7, = —a; /7. Replacing the kinematic variables of M, to M3

in Sy, we can get the expression for S3. The explicit form for the function s(Q, b) is:

A g AM R A® /g A®) A0 e2ve—1 g
- — 7 — - = — - - 1 1 =~
@0 2ﬁlqln<b> o )+ 5 () - [ - (5] m G

Mg, . lln(zcj) +1 (@b +1]  AWB

~

4 o : % [1112(2@) - 1n2(2b)] , (A19)
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where the variables are defined by
¢=Mm[Q/(V2A)], b=[1/(bA)], (A20)

and the coefficients A® and f; are

33 — 2n; 153 — 190,
61 — ) 62 = ’
12 24
4 67 w2 10 8 . 1
A — . A = - % — gy 5 Ailn(5e®), (A21)

ny is the number of the quark flavors and g is the Euler constant. We will use the one-loop

running coupling constant, i.e. we pick up the four terms in the first line of the expression for the

function s(Q, b).

APPENDIX B: ANALYTIC FORMULAE FOR THE B; - PP DECAY AMPLITUDES

Before we give the analytic formulae for By — PP decays, we analyze the amplitudes in some

special cases which can simplify the formulae.

e In the non-factorizable emission diagrams, the formulae can be simplified if the emission
meson My is 7, n or . Their distribution amplitudes ¢*(x) and ¢*(z) are symmetric and
¢ () is antisymmetric under the change + — 1 — x. From Eq. (B4) we can see that the
amplitude is identically zero for the (V — A)(V + A) operators; From Eq. (G3) and Eq.
(B3) we can see that the (V — A)(V — A) contribution is the same as the (S — P)(S + P)
contribution which can be simplified as

1 00
ME" o (ai) = 327TCFM§?S/\/6/O d$1d$2d$3/0 bidbibadbydp (1, by) 3 (z2)

X hy (21, 2, T3, b1, bo) [ — w303 (13) + 2rsxs0n (w3) | a;(th) EL(t))

e In the annihilation factorizable diagrams, the (V — A)(V — A) and (V — A)(V + A) operators
give the same contribution, both from the vector current. If the final state mesons are
charge conjugate with each other, the (V — A)(V — A) and (V — A)(V + A) operators
give identically zero contributions due to the conservation of the vector current. Such
operators do not contribute to the By — K7 decay either, in the SU(3) limit. The SU(3)

symmetry breaking, i.e. the difference in the distribution amplitudes of 7 and K meson, can
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induce small deviations from zero. We expect this kind of operators can not give important

contributions to the branching ratios.

e In the nonfactorizable annihilation amplitudes of B, — 7w, B, — n(an)n(in) and
Bs — n(5s)n(3s), the (V. — A)(V — A) operators and (S — P)(S + P) operators give equal

contributions as can be seen from the factorization formulae M,,, by making xy <> 1 — x3.

1. The case without n()

Tree operator dominant decays:

_ B G .
AGBY = 7 K) = ZEVaVi fe PR lon] + MEL (G}
Gr.. -
——;Vib td{fﬂFélsLﬁK [as + aro] + [ las + as]

V2

1 1
+Myl i [Cs + Col + fp, Fyy [04 - 5%0} + [, Fpmr [06 - 5@8]

1 1
M [03 - 509] ML [05 - 507] } (B2)
_ G
VIA(BY = 7 °K") = ZEVaVi o FE clao] + ML (o]
G 3 3 1
—7;‘/}(; tZ{waBiL_)K [—CM 5% + 5% + 5010]

1 3 1 3
—|—f7ngSP_>K |:—a6 + §a8:| + MésL_)K |:—03 —+ 508 + 509 + 5010:|

1 1
+fBS Fj;f; |:_a6 + 5018:| + stFa[;LI;L |:_a4 + §a10:|
LL 1 LR 1
+Mann _03 + 509 + Mann _05 + 507 . (B3)
Pure annihilation type decays:

A(B? - 7tr7) = V2A(B? = %x°)
G G 1 1
— 71“2ﬂvu,,vu*s MEL [Cy) — TZWMZM“L”L” [204 +2Cs + 5Cs + 5010] . (B4)
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QCD penguin operator dominant decays:

_ G
ABY = K K) = EVaVa{ f P i) + MEL k[ + MELIC)

G .
_—F‘/t-b‘/ts{fKFfl?/SLﬁK [as + aro] + fx Fi. .,k [as + as]

V2

1
+ Mg [Cs + Co) + MG i [Cs + Crl + fu, Fnl [ae - §aJ

ann ann

1 1 1 1
+M(fnlﬁ |:C3 - 509 + 04 - §OIO:| + MLR |:C5 — 507:| + MSP |:06 — §OS:|

+ (Ml [Co+ Crol + M7 [Co 4+ Cs]) o e }, (B5)
A(BY - K°K") = _Gry feFEE o la L + fxFplx |a _ L
S - \/5 thVts K Bs—K 4 2 10 K Bs—K 6 2 8

1 1 1
R A e R AT

1 1 1
+MEE {03 ——Cy+C,y — 5010] + MEE {05 — 507] (B6)

2 ann

1 1 _
+ME {04 — —Cm] + (Mf,f; {06 — —08] +[K® < K°]> }
2 KO0+ KO 2

2. The case with 5"

As discussed in the last section, we use the quark flavor basis for the mixing of n and n/. So

we divide the amplitudes into the 7, = (4u + dd)/+/2 and 5s component.

_ G .
VRA(BY = K?) = EVuVia B i) + MEL (G
Gr N 1 1
—ﬁ‘@b td{angsiK {@6 - 508] + [ Fyn {04 - 5@10}

1 1 1
+an£SL—)K |:2CL3 + a4 — 2@5 — 5@7 + —ag — —CL10:|

2 2
LL 1 1 1
+MBS—)K 03 + 204 + 206 + 508 — 509 + 5010

1 1 1
+ /8. Fp [aﬁ — Qag] + ML {03 — 509] + ML {05 — 507] } (B7)
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= Gp . 1 1 1
A(B? = K°,) = —EVib td{stésL_)K [a:a — a5+ 507 — 509] + [k F5, [04 — 5%0}

1 1 1
+fKFSSP_mS [06 - 5618] + M}_%SL—J( [C4 + Cs — 508 - 5010]
LL 1 LR 1 LL 1
+MBs%ns 5 — 509 + MBS%US Cs5 — 507 —+ stFann ay — 5@10
SP 1 LL 1 LR 1
+stFann ag — 50’8 + Mann 03 - 509 + Mann 05 - 507 : (BS)
The decay amplitudes for the physical states are then

A(By, = nK") = A(B? = 1,K") cos ¢ — A(B? — K"n,) sin ¢, (B9)
A(By, = n'K°) = A(B? — n,K°)sin¢ + A(B? — K"n,) cos ¢. (B10)

For B, — n7° the decay amplitudes are defined similarly,

A(B, — 1) = A(B? — 7°,) cos ¢ — A(B? — 7y, sin ¢, (B11)
A(B, — 7)) = A(BY — 7%,) sin ¢ + A(B? — 7%n,) cos ¢, (B12)
where
0 0 Gr * LL LL
A(Bs — T 77n) = ﬁvﬂbvus stFann [aQ] + Mann[OQ]
G . 3 3 3 3
_Tng%s{stFcﬁan [5@9 + 507] + M) [508] + M {5010} },(B13)
and
\/_ 0 0 GF * LL LL
2A(B; — mns) = ﬁvul’vus fr b, o, [as] + Mg, [C5]
Gr . 3 3 3 3
—ﬁVime{ faFE,. [5% — 5@7] +ME-, [508 + 5010] } (B14)
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For B, — nn®",
A(B] = 1)

V2A(BY = nuns)

A(Bg — 775773) =

we have

Gr LL Gr LL [ 1 1 ]
= =V Vs My [Co] — —= Vi VisMy | 2Cs + 205 + 5 Cs + -Cio |, (B15
\/5 b [ 2] \/5 th V¢ 4 6 5 8 5 10 ( )
Gr .
= ﬁ uqus{anésLﬁns [a2] + Méfﬁns [02] }
Gr . 1 1
_ﬁ‘/}b‘/ts{anésLﬁﬂs |:2CL3 — 2@5 — 5@7 + 5@9:|
1 1
—f—Méfﬁns {204 + 206 + 508 + 5010} }7 (B16)

1 1 1
—ﬁGFWbV;{stésL_ms {03 +ay— a5+ 207~ 509 5@10]

1 1 1 1
+ I FR [aﬁ — §a8] + Mg, {03 +Cy+ Cp — 508 — 5Cg — 5010}

1 1 1 1
i 8 o= o]+ 80 [ €1 - S S - S o

The decay amplitudes for the physical states are then

V2A(By — )
A(By — )
V2A(B, — ')

A(Bg = Nnlin) cos® ¢ + A(Bg — NsNs) sin? ¢ — sin(2¢>)A(Bg — Na7s)(B18)
[A(Bg = Natl) — A(BY — 775773)] cos ¢sin ¢ + A(B? — n,n,) cos(2¢{B19)
A(B? — nun,) sin? ¢ + A(BY — nyn,) cos® ¢ + sin(2¢) A(B? — 1,1,)(B20)

APPENDIX C: ANALYTIC FORMULAE FOR THE B; -+ PV DECAY AMPLITUDES

1. The tree dominant decays

AB? - K =

G *
Cavaraf it i)

Gr y LL SP
=~ 5 VoV FoFg e laa + anol = FoF5] - las + ag)

1 1
+M§SL—>K* [C5 + Co) + stan% [a4 - Eam] - stan]; [aG — ias]
1 1

+M {03 - 509] — MLE {05 - 507] }, (C1)
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_ ~ G .
A(B) = p~K") = TSV“" ud{présZK [a1]+M§fAK[C1]}

G .
——;Vib td{pr]ésL—)K [as + aro] + MG 1 [Cs + Co)

V2

1 1
"‘Méf—m [Cs5+ C7] + fB.Fi, [CM — —010] + fB FoP [GG - —ag]

2 2
1 1
M [03 - 509] MR [05 - 507] } ()
_ G
V2A(B] = n'K*) = TZVubVJd{anéfﬁK* [az] + Mg, - [Cz]}

Gr. . 3 1 3
_ﬁ‘/tb-vt-d{fﬂ-FéSlJ*}K* |:—Cl4 — 5&7 + 5&10 —+ 5@9:|

1 3 1 3
—wagj;K* |:—CL6 + §CL8:| + Mé‘,LAK* |:—03 + 508 + 509 + 5010:|

1 1
+fBSFaLnLn |:—a4 + 5@10] — stFj;z]:L |:—06 + 5@8:|

1 1
e {—03 ¥ 509} ML {—05 " 507} } (3)

Gr
V2

G ) 31 3 1
—Ly, td{présZK [—a4 + a7+ zap + —ag] + MR ¢ [—05 + 507}

Vub u*d{fl)FésL—)K [G’?] + Méf—)K[CQ]}

V2 2 2 2

1
+ME" {—03 +

3 3 1
509 + 5010] - Mgsp—ﬂ( |:§CS:| + fB.FL [—CML + 5%0]

1 1 1
+fp. F5P {—aﬁ + §a8:| + MEE [—03 + 5(19] + MER [—05 + 507] }(C4)
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V2A(BY — wK®) =

Gr

V2
G 1 1 1

——F‘/;b {waésL—)K [2(13 + ay + 20,5 + — Qa7 + —Qg — —a10:|

/2 T T M Ty
LL 1 1 LR 1
+MEE i |Ca+ 20 = S0y + 5Ch0| + ME i | Cs = SC

ub {fw B, —>K [as] + MésL—)K[Cb]}

1 1 1
~Mz- k {206 + 508} + fB.F { ag — 56110} + 8. Fonn {GG - 5608]

Y [03 _ _cg] MR [05 _ _07] } (C5)

The pure annihilation type decays

ABY = 7Fp)

A(BY — pfr)

2A(B? — 7°p")

G G
\/g ubV* {stFa[;'LIT/Z [a2] + anl;b[cﬂ} - \/imb‘/;:{st ann [Cl3 + a’9]

_st ann [Cl5 + Cl7] + anl;l, [04 + Clo] - anI:L [06 + CS] [ﬂ'+ A p]}? (C6)

G G
\/g ubV* {stFa[;'LIT/Z [a2] + anl;b[cﬂ} - \/imb‘/;:{st ann [Cl3 + a’9]

_st ann [Cl5 + Cl7] + anl;l, [04 + Clo] - ann [06 + CS] [p+ A ﬂ']}? (C7)
ABY = 7tp )+ A(BY = pr), (C8)

- S V*{ m[czl} ?wm’;{wnz Sou| -k S 1o })
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3. The QCD penguin dominant decays

D — T7* G *
ABY = K K) = ViV TP e ) + MEL i[O + i Pl o) + MELIC) )
CTYF * LL SP
——=VaVis [k FB, k- laa + aw] = fxFp k- [as + as]

V2

1 1 1
+MLL?SL%K* [03 + 09] + fBFal;ll;L |:a3 + a4 — as + 5@7 — 5@9 — §CL10:|

ann

1
—MER |:C5 — §C7j| + fBSFaI;lI;L [a?) —as —ar+ a9]K*<—>K
1
—MER, 1 [Cs + Cr] = fo, Folh [% - 5“8]

ann

1 1 1
—|—MLL |:C3 — 509 + 04 — 5010:| — anI; |:06 — 508:|

+ Mg [Co+ Crol e oy = M [C6 + Csl e i }, (C10)
_ G
ABY = KK) = ZVaVi S Pl ] + MES i[O + i, i [oa] + MU o
Gr

Gry v {fK*FéfﬁK (0 + arg] + ME, . [Cy + Co] + MEP, 1 [Cs + C1]

V2

1 1 1 1
+fBFaLnLn [a3 + a4 — a5 + 5@7 - 5619 - §a10] + stanI; [GG - §GS:|

ann

1
+fB. Pl las — a5 — a7 + agl e, o + MEE {05 — 5(;7]

ann

1 1 1
—|—MLL |:03 — 509 + 04 — 5010:| — an]; |:06 — §OS:|

ann

+ M [Cs 4 Crol gy e — M [C6 + Cslen s i }, (C11)
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_ _ G 1 1
A(Bg - KOK*O) = _—F‘/QbWs‘ fKFéISL—)K* g — SQio| — fKFgSP—ﬂ(* ag — 5as
V2 2 2
LL 1 LL I R PO
+M s K* 03 209 + stFann asz + a4 — as + 20’7 2@9 2“10
1 1
M e O 5O = SR s = g
1 1 1
w1zt [ - den+ 0= Jou] + 3zt oo Sl
K*K

ann

1 1
~MEER {05 — 507] — <anle {06 - 508] + [K* < K]>

1 1
+fBSFaLnLn [a?, — a5+ §CL7 - 509} }, (C12)
K* K
0 %0 770 GF * LL 1 LL 1
A(Bs — KK ) = _ﬁ‘/tbv;s fK*FBS—)K a4 — 56110 +M s K Cs — 509

1 1 1 1
+M§SR—>K {05 - 507} + stFaLnLn [GS +aq4 — a5 + 5617 - §Cl9 - 5%0}

1 1 1
+fBSFSP |:a6 — §a8:| + anl;b |:C3 — —Cg + 04 - —010:|

ann 2 2
#alh o= S0 - (3 o - ] + 1 o 1) (c13)

1 1 1
tfp FEE [ag St e —ag} LAtk [04 _ _cm] |
2 2 K*<K 2 K* K

_ Gp. . 11 1
A(Bg — K%) = _TI;VHJ td{f¢F§SL—>K [03 + a5 — 507 — §a9] + fKFBiL—W [04 — iaw}
1 1 1
_fKFSSP_>¢ |:(L6 - 5@8:| + MésL_)K |:C4 — §C10:| + MésL—)tb |:C’3 — 509:|
1 1 1
—Mp [06 - 508] — Mgy [05 - 507] + [ Fom [04 - 5@10}

1 1 1
—fg FSP [aﬁ — §a8] + MEE {03 — 509] — MEE {05 — 507] } (C14)
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4. The Electroweak penguin dominant decays

_ G
\/§A(Bg — 7r0¢) — TZVUqu*S{fWFé/S[;d)[aZ] + Mgfﬁd)[Cg]}

G . 3 3 3 3
—%%%{fﬁﬁfw kag - 5@7} + MélsLﬁd) |:§CS + icw} } (C15)

5. The decays involving n and 7/

Gr

V2A(B? = n,K*%) =
(Bg = 0. K™) 7

VaViad FuFEL i o] + MEE . [C]}

G . 111
_TI;V;M td{an]_ésl;K* [2a3 +ay — 2a5 — 5617 + §Cl9 - 56110}
1 1 1
_angsP%K* |:CL6 — §Cl8:| + MgsLﬁK* |:C3 + 204 — 509 + 5010:|
1 1 1
+MEE . |:206 + §CS:| + fo, FL {CM - 5@10] + fB.F,), {ae — ias}
1 1
+M {03 - 509] + M5 {05 - 507} }, (C16)
A(BS — K 0773) = _TZWb td{fSFé/sl/*)K* |:a3 —as + 5&7 — 5@9] + fK*Fé‘sLﬁns |:CL4 — 5010]

B [04 - %om] LM [03 - %og]
M [06 - %os] Y [05 - %07] ¢ fu FE {M - %am]
¢ fp FSP {aﬁ - %ag] M [03 _ %cg] By [05 - %07] } (©17)
The decay amplitudes for the physical states are then
A(By = nK**) = A(BY - 1,K**) cos ¢ — A(B? — n,K*°) sin ¢, (C18)
A(B, = nK*) = A(B? = 1, K*)sin ¢ + A(BY? — n,K*%) cos ¢. (C19)
For B, — n"p° the decay amplitudes are defined similarly,
A(B; — p°n) = A(B] — ") cos ¢ — A(BY = p°n,) sin ¢, (C20)

A(B, — p"n) = A(B? — p"n,)sing + A(BY — p°n,) cos ¢, (C21)
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where

V2 277 2 2

G
+7;VubVJs{stF£i ] + [021} Lo, )

_ G 3 3 3 3
288 - ) = - o rtl [ - 3] 4 02 [Se] - 202 3] |

and
_ G .
\/514(82 — Pons) = TSVUqus{prll?fﬁns [a’Z] + Mll?/fﬁns [02] } (023)
Gr ‘ 3 3 3 3
‘ﬁ”h”s{fﬂﬂgfﬂ 3o+ 30 8 [ 360 - i [0 }
For decays B, — nw, we have
H0 Gr * LL LL
2A(Bs - 7’]n(,d) = % UbV'u,s st Fann [a’Z] + Mann[c2]
Gr . 1 1
—ﬁwms{an% 200+ 50u| - M |26+ 561
1 1
+fBSFa[;£; |:2CL3 - 2@5 - 5@7 + 5@9:| } + [77n — w], (024)
V2A(BY — wn,) = Gry v foFEE,, lao] + ML, [Cy]
s UE \/5 ubVuysy Jwt Bg—ng 142 Bs—ns 12
G 1 1
_72‘/;55‘/;{wa§5—>7]5 |:2CL3 + 2CL5 + 5@7 + 5@9:|
1 1
+Mg-, {204 + 5010] - M-, {206 + 508} } (C25)
And the decay amplitudes for physical states are

A(B; — nw) = A(B? — n,w)cos ¢ — A(BY — wn,) sin ¢, (C26)
A(B, = nw) = A(B? = n,w)sing + A(BY — wn,) cos ¢. (C27)
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For decays B, — n¢, we have

_ G .
AR ) = Saraid it ol it
Gr " 1 1
_ﬁwb%s{anésL_ﬂﬁ [2a3 — 20/5 — 5017 —+ 50,9:|
1 1
+ME-, {204 + 5Cm] +MpE, {206 + 508} } (C28)
_ G X 1 1 1
A(B] = ns0) = _TZVQbVis{st}ésLaqb [a3 + a4 — a5 + 507 — 5609 — 5%0}
—f FRF a6 — MEC s+ cu— Loy - Lo
sI'p, ¢ |06 2a8+ Bsog¢ |C3 T C4 59 =500

1 1 1 1
+M531:¢ {Cﬁ - 508} + stFaLnLn [GS + a4 — a5+ 5&7 - §a9 — 5@0}

1 1 1
‘|‘MaLnLn |:C3 + 04 - 509 — 5010:| - fBSF:;L]; |:a§ — §CL8:|

1 1
—MEE [05 — 507] - M3F [C’G — 508} } + [ns > 9. (C29)
And the decay amplitudes for physical states are

A(Bs = n¢) = A(B) = 1,0) cos ¢ — A(BY — ns¢) sin ¢, (C30)
AB, =5 1/6) = A(BY = n6)siné+ A(BY - n,6) cos . (c31)

APPENDIX D: ANALYTIC FORMULAE FOR THE B; -+ VV DECAY AMPLITUDES

There are three kinds of polarizations in the B; meson decays to two vector final states, namely:
Longitudinal (L), parallel (N) and transverse (T). The decay amplitudes are classified accordingly,
with i = L, N, T.
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1. Tree dominant decays

Gr

AY(B! = p K*Y) = —VubVJd{présLiK* [a1] + Mp™ . [Cl]}

V2AY(B] — p'K™) =

\/§Ai(B§ — wK*O) =

V2
G * 7
_—Fvib td{fPF]ésL—’)K* [as + aio]

V2
+ M e [Cs + Co] = My™ . [Cs + Cr

) 1 . 1
+fBSFaLnLn’Z [a4 - 5%0] - fBSanI:;Z {GG — §a8]

ann

) 1 X 1
+MLL’Z |:C3 — 509:| — an}z’l |:C5 — 507:| },

G . i i
—FVuqud{prlgs,L$K* [as] + Mgs,LQK*[CZ]}

V2

2

V2

i 1 3 E
IV [_03 rlot 5010] P {508}

) 1 . 1
‘|‘fBSFL£1Ln’z |:—a4 + 5@10] — fBSF(;S;l];’Z |:—CL6 + 5@8:|

ann

) 1 ) 1
+MLL’Z |:—03 —+ §ng| — an};’l |:—C5 + §C7j| },

Gr

V2
G i 1 1 1

_—F%bv:i{walgSL$K* {26‘3 +ay + 205 + sa7 + sa9 — —a10]

V2 2 2 2
T 11
+M£SL;K* 03 + 204 — 509 + 5010:|

Vb Jd{wa}]B:SLjK* las] + MLL?SLiK*[Cé]}

7 [ 1 i 1
— My | Cs — 507} — M [206 + 508}
1| 1 SPi 1
+stFann, a4 — §CL10 - stFanr; ag — §a8

. 1 , 1
+MLL’Z |:C3 — §ng| — MaLn]EL’Z |:C5 — §C7j| }

ann
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(D1)

G . . 3 3 1 . 1
+—;Wb td{préij* |:—CL4 + 5@7 + 5@9 + —am:| - MésR—,iK* |:—C’5 + 507:|

(D3)



2.

Pure annihilation type decays

L G . .
ABY = ) = ZEVaVi{ Fn Pl oa] + MEEC)

G . 1 . 1

—TZWIJV;{fBSF;;ﬁL’Z |:203 + 5@9] + fBSFaI;lIfL’z |:2CL5 + 5@7:|
) 1 . 1
+ ML {204 + 5010] + M3P {206 + 508] } (D4)
\/_ i/ R0 0,0 Gr * LL, LLi
2A (Bs —pp ) = ﬁvﬂbvus{stFanﬁ [CL?] + Mann’ [CQ]}
G . 1 . 1
_TSWbW;{fBSFa%%Z [2@3 - 5@9] + I Fopn” [2% + 5@7]
) 1 . 1
+ ML [2(]4 + 5010] + M3P [206 + 508] } (D5)
i( RO GF * LL,i LL,i
\/5‘4 (Bs - ww) = ﬁvﬂbvus stFann’ [a2] + Mann’ [02]

G . 1 i 1

—TZWb%Z{fBSFJ#;L’Z |:2C63 + §Cbgj| + fBSFaLn}fL’ |:2CL5 + 5@7:|
) 1 . 1
+MEL {204 + 5010] + MSD {206 + 508] } (D6)
2A(BY = ) = Vi fo B o) + MGy — SEV ] f, FL Fag}
S \/5 U us K] ann ann \/5 ts s ann 2

13 13 3
+fp Fuy [5“7] + Mg [5010] + My [508] } + [’ e w]. (D7)
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3.

QCD penguin dominant decays

AYBY — K* K*T)

G . ; i ;
ki uqus{fK*FésLsK* [a1] + ME" e [C1] + fo, FEL [as]

V2

. G i
+aag i} = SEvavif Pl

+ Mg [Cs + Col = My [Cs + C)

; 1 1 , 1
+fBSFaI;L[7/z’Z |:Cl3 + a4 — 5@9 — §a10:| + stFaI;LIEL’Z |:a5 B §a7:|

ann ann

: 1 , 1 1
—fB.Fp? [06 - §a8] + ML [03 - 509 +Cy — 5010]
: 1 . 1
—an%z |:C5 - 507:| + an];‘,z |:06 - §CS:|

+ ([ Fll [as + ag) + [, Fil [as + a7

ML [Cy + Crol + MR [(Co+ Csl) s }
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o G ; 1 i 1
AY(BY = KK = TV Vil free Fplie |an — sang| + My |Cy — =Cy
V2 2 2
LR, 1 L 1 1
_MBSQK* 05 — 507 + stFann’ asz + a4 — 5@9 — 5&10

: 1 - 1 1
—fB.Fp? [aﬁ - §a8] + M {C?; - 509 +Cy — 5010]

ann ann

_MLR,i |:C5 o %C7j| + MSP,i |:CG . %CS]

B 1 . 1
+ (stFaLn%l [03 - _a9} + stFaL,ﬁ’l [a5 — —a7]>
2 2 K*0s %0

) 1 . 1
+ | MEE Oy — —Cho| + MEP | Cs — = C : (D9)
2 2 K*OH[_(*O
AYBY = K*) = —&V 2 f RN las + a5 — 1a — 1a + fr-FL5 ay — 1a
s \/5 tbVid oL By —K* 3 5 9 7 9 9 K*L'Bs—¢ 4 9 10

+MLL?SL$K* {04 - 5010] + MésL;d) |:03 — 509] — M;SP;K* {C’ﬁ — 508]

_Méfi>¢ {05 - 507] + stFaLnLn’ {CM - 56110} - stanI;’ {aﬁ - 5%]

. 1 . 1
+ M {03 - 509] — M [05 - 507] } (D10)
VAR _ Gp ¥ LL. LLy
( s 7 (.Ud)) - ﬁvﬂbvus waBsﬁgb [02] + MBS%QS [02]
G . Z. 11
_TZWb‘/;s{waé‘f;Q& |:2CL3 + 2@5 + 5@7 + 5@9:|
i 1 i 1
+MLL?SLL>¢ |:2C4 + 5010:| — Mgf;gb |:206 + §CS:| }, (Dll)
V2AYBY — ¢¢) = LGy v foFL2 las +as+a P P
FMES 4 Oy = 20y — 20y | = MER o5~ L
Bs—¢ 3 4 9 9 9 10 Bs—¢ 5 9 7
—MP O —lC + fe. FE lay 4 a —la - 1a
Bsﬁd) 6 2 8 Bst ann 3 4 2 9 2 10

j 1 ; 1 . 1
+ B, Fa” [as - 5@} — I8, Fony’ [aa - §a8} — MLRi [05 - 507}

. 1 1 . 1
+ M {C?; +Cy — 509 — 5010] + My {06 - 508:| } (D12)
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4. Electroweak penguin dominant decays

(B G i i
A 1) = Sorarid ettt ol 2 |
GF % i 3 K 3 )0 3
s o], ] i 1]}
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