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Within the framework of QCD factorization, we consider two different types of power correction effects
in order to resolve the CP puzzles and rate deficit problems with penguin-dominated two-body decays of
B mesons and color-suppressed tree-dominated 7°7° and p°#° modes: penguin annihilation and soft
corrections to the color-suppressed tree amplitude. We emphasize that the electroweak penguin solution to
the B — K CP puzzle via new physics is irrelevant for solving the CP and rate puzzles related to tree-
dominated decays. While some channels, e.g. K~ 7%, K~ p°, #" 7™, p™ 7" need penguin annihilation to
induce the correct magnitudes and signs for their CP violation, some other decays such as B~ — K~ 70,
7 1, K n and B — K*%%, 770 require the presence of both power corrections to account for the
measured CP asymmetries. In general, QCD factorization predictions for the branching fractions and

direct CP asymmetries of B — PP, VP, VV decays are in good agreement with experiment. The

predictions of perturbaive QCD and soft-collinear effective theory are included for comparison.
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I. INTRODUCTION

Although the underlying dynamics for the hadronic B
decays is extremely complicated, it is greatly simplified in
the heavy quark limit. In the m; — oo limit, hadronic
matrix elements can be expressed in terms of certain non-
perturbative input quantities such as light-cone distribution
amplitudes and transition form factors. Consequently, the
decay amplitudes of charmless two-body decays of B
mesons can be described in terms of decay constants and
form factors. However, the leading-order 1/m,, predictions
encounter three major difficulties: (i) the predicted branch-
ing fractions for penguin-dominated B — PP, VP, VV
decays are systematically below the measurements [1]
and the rates for color-suppressed tree-dominated decays
B — 797°, p®7° are too small, (ii) direct CP-violating
asymmetries for B— K~ 7", B— K* 7", B~ — K p°,
B — w" o™, and B, — K7~ disagree with experiment in
signs, and (iii) the transverse polarization fraction in
penguin-dominated charmless B — VV decays is pre-
dicted to be very small, while experimentally it is compa-
rable to the longitudinal polarization one. All these
indicate the necessity of going beyond zeroth 1/m; power
expansion.

In the QCD factorization (QCDF) approach [2], power
corrections often involve end-point divergences. For ex-
ample, the hard spectator-scattering diagram at twist-3
order is power suppressed and posses soft and collinear
divergences arising from the soft spectator quark and the
1/m,, annihilation amplitude has endpoint divergences
even at the twist-2 level. Since the treatment of endpoint
divergences is model dependent, subleading power correc-
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tions generally can be studied only in a phenomenological
way. Therefore, 1/m, power suppressed effects are gen-
erally nonperturbative in nature and hence not calculable
by the perturbative method.

As a first step, let us consider power corrections to the
QCD penguin amplitude of the B — PP decay, which has
the generic expression

P = PSD + PLD’
= APP[)‘u(aZ + riag) + AC((ZZ + r)};ag)]

+ 1/m,, corrections,

(1.1)

where Al = Vs Vg With g = s, d, a4 are the effective
parameters to be defined below, and r% is a chiral factor of
order unity. Strictly speaking, the penguin contributions
associated with the chiral factor r‘; are formerly 1/m,,
suppressed but chirally enhanced. Since they are of order
1/ mg numerically, their effects are included in the zeroth
order calculation. Possible power corrections to penguin
amplitudes include long-distance charming penguins,
final-state interactions, and penguin annihilation charac-
terized by the parameters B5°. Because of possible
“double counting” problems, one should not take into
account all power correction effects simultaneously. As
we shall see below in Sec. IV B, CP violation of K~ 7+
and 7" 7~ arise from the interference between the tree
amplitude A,?a, and the penguin amplitude /\C(q)(ai +
rﬁag) with ¢ = s for the former and ¢ = d for the latter.
The short-distance contribution to aj + r§a6 will yield a
positive Acp(K~7") and a negative Aqp(7r* 7). Both are
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wrong in signs when confronted with experiment. In the
so-called ““S4” scenario of QCDF [1], power corrections to
the penguin-annihilation topology characterized by
ABY + A B5 are added to Eq. (1.1). By adjusting the
magnitude and phase of (3 in this scenario, all the
above-mentioned discrepancies except for the rate deficit
problem with the decays B° — 7%7°, p°7° can be
resolved.

However, a scrutiny of the QCDF predictions reveals
more puzzles with respect to direct CP violation. While the
signs of CP asymmetries in K~ 7", K~ p° modes are
flipped to the right ones in the presence of power correc-
tions from penguin annihilation, the signs of Acp in B~ —
K 7% K™ n, mn and B® — 7°7°, K*°% will also get
reversed in such a way that they disagree with experiment.
In other words, in the heavy quark limit the CP asymme-
tries of these five modes have the right signs when com-
pared with experiment.

The so-called B— K@ CP puzzle is related to the
difference of CP asymmetries of B~ — K~ 7r° and B —
K~ 7" This can be illustrated by considering the decay
amplitudes of B — K in terms of topological diagrams

_ 2
AB =K 7")=P +T + 3 Piw + Py
S -1 1
AB* — K°7%) = 7 (P’ —C' = Ppy — 3 Pw + Pg),

I 1
A(B™— K'm) = P' = Py + A + P,

1
AB~— K 7% = \/—§<P’ +T'+ C' + PLy

2
+ 3Py A+ Pg), (1.2)

where T, C, E, A, Py, and Pgy, are color-allowed tree,
color-suppressed tree, W-exchange, W-annihilation, color-
allowed, and color-suppressed electroweak penguin ampli-
tudes, respectively, and P, is the penguin-induced weak
annihilation amplitude. We use unprimed and primed sym-
bols to denote AS = 0 and |AS| = 1 transitions, respec-
tively. We notice that if C', PLy and A’ are negligible
compared with 77, it is clear from Eq. (1.2) that the decay
amplitudes of K~ 7° and K~ 7% will be the same apart
from a trivial factor of 1/ \/5 Hence, one will expect that
Acp(K~ %) = Acp(K~ 7)), while they differ by 5.30 ex-
perimentally, AAg, = Acp(K~7°) — Acp(K~ 7)) =
0.148 = 0.028 [3].

The aforementioned direct CP puzzles indicate that it is
necessary to consider subleading power corrections other
than penguin annihilation. For example, the large power
corrections due to P’ cannot explain the AAg, puzzle as
they contribute equally to both B~ — K~ 7% and B® —
K~ 7", The additional power correction should have little
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effect on the decay rates of penguin-dominated decays but
will manifest in the measurement of direct CP asymme-
tries. Note that all the ‘““problematic”” modes receive a
contribution from ) =" + PE{V Since A(B™ —
K 7)ot +c + pand AB"— K 7)) «t' + p/ with
' =T + Pf and p' = P' — 1P, + P}, we can con-
sider this puzzle resolved, provided that ¢’/¢ is of order
1.3 ~ 1.4 with a large negative phase (|¢’/7| ~ 0.9 in the
standard short-distance effective Hamiltonian approach).
There are several possibilities for a large complex ¢’: either
alarge complex C’ or a large complex electroweak penguin
PLyw or a combination of them. Various scenarios for
accommodating large C' [4-11] or Pfy [12,13] have
been proposed. To get a large complex C’, one can resort
to spectator scattering or final-state interactions (see dis-
cussions in Sec. I[II E). However, the general consensus for
a large complex Pp,y is that one needs new physics beyond
the standard model (SM) because it is well known that Pfy,
is essentially real in the SM as it does not carry a nontrivial
strong phase [14]. In principle, one cannot discriminate
between these two possibilities in penguin-dominated de-
cays as it is always the combination ¢’ = C’ + Py, that
enters into the decay amplitude except for the decays
involving 7 and/or 5’ in the final state where both ¢’ and
Py present in the amplitudes [15]. Nevertheless, these
two scenarios will lead to very distinct predictions for tree-
dominated decays where Pgrw < C. (In penguin-
dominated decays, Pgy, is comparable to C' due to the
fact that A,®) > A,®))) The decay rates of B® — 7079,
p°7® will be substantially enhanced for a large C but
remain intact for a large Pgyw. Since Pgyw < C in tree-
dominated channels, CP puzzles with 7~ 1 and 7°#7°
cannot be resolved with a large Pgyw. Therefore, it is
most likely that the color-suppressed tree amplitude is
large and complex. In other words, the B — K CP puzzle
can be resolved without invoking New Physics.

In this work we shall consider the possibility of having a
large color-suppressed tree amplitude with a sizable strong
phase relative to the color-allowed tree amplitude [16]

C =[Aalsp + [Ayatlip + FSIs + « - - (1.3)

As will be discussed below, the long-distance contribution
to a, can come from the twist-3 effects in spectator re-
scattering, while an example of final-state rescattering
contribution to C will be illustrated below.

Note that our phenomenological study of power correc-
tions to penguin annihilation and to color-suppressed tree
topology is in the same spirit of S4 and S2 scenarios,
respectively, considered by Beneke and Neubert [1]. In
the “large @, S2 scenario, the ratio a,/a; is enhanced
basically by having a smaller Az and a smaller strange
quark mass. It turns out that the CP asymmetries of K~ 7™,
K* 7", K n, K p° 7" 7~ have correct signs in S4 but
not so in S2, whereas the signs of Acp(K~7°), Acp(K™ 1),
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Acp(m°7°) in S2 (or in the heavy quark limit) agree with
experiment but not in S4. In a sense, our study is a combi-
nation of S4 and S2. However, there is a crucial difference
between our work and [1], namely, our a, is not only large
in the magnitude but also has a large strong phase. As we
shall see, a large and complex a, is needed to account for
all the remaining CP puzzles.

It should be remarked that the aforementioned B-CP
puzzles with the K~ 7%, K~ n, 7~ n, K%, 7°7° modes
also occur in the approach of soft-collinear effective theory
(SCET) [17] where the penguin-annihilation effect in
QCDF is replaced by the long-distance charming penguins.
Owing to a different treatment of endpoint divergence in
penguin-annihilation diagrams, some of the CP puzzles do
not occur in the approach of perturbative quantum chro-
modynamics (pQCD) [18]. For example, pQCD predicts
the right sign for CP asymmetries of B — 7°7° and
B~ — 7~ 5 as we shall see below. In this work, we shall
show that soft power correction to the color-suppressed
tree amplitude will bring the signs of Ap back to the right
track. As a bonus, the rates of B — 797°, p°7° can be
accommodated.

In the past decade, nearly 100 charmless decays of B, ;
mesons have been observed at B factories with a statistical
significance of at least 4 standard deviations (for a review,
see [19]). Before moving to the era of LHCb and Super B
factories in the next few years, it is timing to have an
overview on charmless hadronic B decays to see what we
have learned from the fruitful experimental results ob-
tained by BABAR and Belle. In this work, we will update
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QCDF calculations and compare with experiment and
other theoretical predictions.

This work is organized as follows: We outline the QCDF
framework in Sec. I and specify various input parameters,
such as form factors, light-cone distribution amplitudes
(LCDAs), and the parameters for power corrections in
Sec. III. Then B, , — PP, VP, VV decays are analyzed
in detail in Secs. IV, V, and VI, respectively. Conclusions
are given in Sec. VIL

II. B DECAYS IN QCD FACTORIZATION

Within the framework of QCD factorization [2], the
effective Hamiltonian matrix elements are written in the
form

_ Gp
M M| H 5|B) = —% D 2,9
< 1 2| tfl > \/E P

p=u,.c

XAM M| T 47 + T g"P|B), (2.1)

where the superscript 2 denotes the helicity of the final-
state meson. For PP and VP final states, h = 0. T 2P
describes contributions from naive factorization, vertex
corrections, penguin contractions, and spectator scattering
expressed in terms of the flavor operators a? "t while T’ B
contains annihilation topology amplitudes characterized

by the annihilation operators b? o, Specifically, [2],

T A" = al(MM,)8,,(iib)y_ ® (Gu)y_a + ai(M;M)8,,(Gb)y—a ® (iin)y_, + a’ (M, M,) Z(éb)v—A ®(7'q")v-a

+al(M M) Y (§'b)y—a ® (Gq")y—a + a§(MM3) D (§b)y-p ® (7' 44

+al(M\M3) Y (=2)(G'b)s—p ® (Gq")s+p + af (M1 M) Y (Gh)y—1 ® %eq(ﬂ?/q/)vm

+a M) 3 (-2)@D)s 1 ® 5 @ p + M) T @)y 4 83 e,y s

_ 3
+ aly(MM,) Z(‘]/b)v—A ® Eeq(qq/)V—A»

(2.2)

where (71G2)y+a = 417, (1 £ vs5)q> and (§1¢2)s=p = G1(1 = 7y5)g, and the summation is over ¢’ = u, d, s. The symbol
® indicates that the matrix elements of the operators in T 4 are to be evaluated in the factorized form. For the decays
B — PP, VP, VV, the relevant factorizable matrix elements are
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XBPLP) = (Po|JH|0XPy 1T, 1B) =
XBPYV) = (V|J#|OXPIJ,,|BY = 2f ympp FPF (m3),
XBVP) = (P|J#|OX V], |BY = 2f pmpp ABY (m3),

XngVI,Vz) = <V2|JM|O><V1|J;L|B> =

+ i 2VBV] (mV ) ]

MVQBSZMSI PBP1 m
1

. BP
lsz(m%; - m%l)Fo l(m%)Z);

_ifvzmz[(ST : 83)("13 + my, )Afvl (m%,z) - (8] : PB)(SZ " Pg)
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245" (m},)
(mp + my,)

(2.3)

where we have followed the conventional definition for form factors [20]. For B — VP, PV amplitudes, we have applied

the replacement my(g” -

(h = %) components of X ) are given by

E) — mpp,. with p. being the c.m. momentum. The longitudinal (2 = 0) and transverse

X(BVI)V2) _ isz I:(mZ —m? —m2 Y(mp + m )ABVI (C]2) _ 4m%p% ABVi (qZ)]
0 2my, B " V2B e mp + my, : ’ (2.4)
5 m 2
xBViVD) _l-fvszmszl n J)A?Vl (¢®) Pe__ v, (qz)]'
mpg mpg + mvl
[
The flavor operators a” " are basically the Wilson co-  The building blocks have the expressions [1]
efficients in conjunction with short-distance nonfactoriz- c
able corrections such as vertex corrections and hard b, = _‘;Cl Al
spectator interactions. In general, they have the expressions N
[1,2] C . ,
C b3 = N—Ig[C};AlI + CS(AI3 + Aj;) + NCCGA{;]’
al”" (M M,) = ( lH)Nh(Mz) Cizt Zrds C .
N, N, 4w by = —LF ¢ Al
2T N2 Ay,
472 ¢
XI:Vh(Mz) + Hh(Mle)iI C . 28
' NC ' b4 = N_IZ[C“AlI + C6A£], ( : )

+ PIP(My), (2.5)

where i = 1, - - -, 10, the upper (lower) signs apply when i
is odd (even), c; are the Wilson coefficients, Cr = (N2 —
1)/(2N,) with N, = 3, M, is the emitted meson, and M,
shares the same spectator quark with the B meson. The
quantities V[h (M,) account for vertex corrections,
H!(MM,) for hard spectator interactions with a hard
gluon exchange between the emitted meson and the spec-
tator quark of the B meson and P;(M,) for penguin con-
tractions. The expression of the quantities N/(M,) reads

N ) = {0, i=638,

1, else. (2.6)

The weak annihilation contributions to the decay B —
M M, can be described in terms of the building blocks b” h
and b} e

Gy .-
ﬁpzzuc)\p<M1M2|TB”p|Bo>

IT S A fofu, fMZZ(d bPM A+ dibThy). (27
p=u,c

c

C . . .
bypw = N—Z[C9Al1 + C7(A§ + Ag) + NcCSAls]r
c

Cr ‘
b4,EW = m[cloAi + CgAlz .
c

Here, for simplicity we have omitted the superscripts p and

h in above expressions. The subscripts 1, 2, 3 of ALl denote
the annihilation amplitudes induced from (V — A)(V — A),
(V—=A)V + A), and (S — P)(S + P) operators, respec-
tively, and the superscripts i and f refer to gluon emission
from the initial and final-state quarks, respectively.
Following [1] we choose the convention that M, contains
an antiquark from the weak vertex, and M, contains a
quark from the weak vertex.

For the explicit expressions of vertex, hard spectator
corrections and annihilation contributions, the reader is
referred to [1,2,21] for details. The decay amplitudes of
B — PP, VP are given in Appendix A of [1] and can be
easily generalized to B — VV (see [22] for explicit ex-
pressions of B — V'V amplitudes). In practice, it is more

convenient to express the decay amplitudes in terms of the

hp

flavor operators «;”” and the annihilation operators 37,
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which are related to the coefficients a” and b’ by

at(M\M,) = a''(MM,),

PHYSICAL REVIEW D 80, 114008 (2009)

al(M\M,) = a(MM,),

h, h, _
aél’p(MlMZ) _ a;p(Mle) - a;p(Mle) for M1M2 = PP, VP,
ay?(MMy) + a"(M\M,) for M\M, = VV, PV,
DM M) = a4 P(M\M,) + rX ag “P(M,M,) for MM, = PP, PV,
CY 2) =
4 a?(M\M,) — F2al?(M\M,)  for MM, = VP, V'V, (2.9)
(MM 619 (M]Mz)_a7p(M]M2) for M]M2 PP, VP,
a 2) =
SEw al?(M\M,) + a"""(M\M) for M,M, = V'V, PV,
My b -
o (M M) = a10 P(MM,) + ry*ag hP(M\M,) for MM, = PP, PV,
a? (M M,) — r2ay?(M\M,)  for M{M, = VP, VV,
|
and II1. INPUT PARAMETERS
A. Form factors
B (M\M,) = lfzz}]}};z Q/)IZ b (2.10) There exist many model calculations of form factors for

The order of the arguments of &’ (M M,) and B (M, M,) is

consistent with the order of the arguments of XEMi-M2) =
Apg,m,- The chiral factor ) is given by
2m>
ri(w) = " :
o my(p)(my + my)(p) @.11)
% _ 2my f\% (/L)
r/\/(lu’) - .
my(p)  fv

The Wilson coefficients ¢;(u) at various scales, u =
4.4 GeV, 2.1 GeV, 1.45 GeV, and 1 GeV are taken from
[23]. For the renormalization scale of the decay amplitude,
we choose w = my,(m,)." However, as stressed in [2], the
hard spectator and annihilation contributions should be

evaluated at the hard-collinear scale w), = /A, with
A, = 500 MeV.

'In principle, physics should be independent of the choice of
M, but in practice there exists some residual u dependence in the
truncated calculations. We have checked explicitly that the decay
rates without annihilation are indeed essentially stable against .
However, when penguin annihilation is turned on, it is sensitive
to the choice of the renormalization scale because the penguin-
annihilation contribution characterized by the parameter bj is
dominantly proportional to a(u;)ce(my,) at the hard-collinear
scale wj, = «/uAy. In our study of B— VV decays [24], we
found that if the renormalization scale is chosen to be u =
my(my,)/2 = 2.1 GeV, we cannot fit the branching ratios and
polarization fractions simultaneously for both B — K*¢ and
B — K*p decays. In order to ensure the validity of the
penguin-annihilation mechanism for describing B — V'V decays,
we will confine ourselves to the renormalization scale u =
my(my) in the ensuing study.

B — P, V transitions. For B — P transitions, recent light-
cone sum rule results for form factors at g> = 0 are col-
lected in Table 1. A small F5™ of order 0.25 is also
preferred by the measurement of B~ — 77~ 7°. It is more
convenient to express the form factors for B — n{) tran-
sitions in terms of the flavor states gg = (uii + dd)/~/2,
5§, and cc labeled by the n,, 7, and 1Y, respectively.
Neglecting the small mixing with 5%, we have

FB7 = FB, cos), FB7' = FB7, ging, (3.1)
where 6 is the n,-7, mixing angle defined by
|m) = cosBln,) — sind|n,), (32)

|’y = sinf|7n,) + cosb|n;),

with § = (39.3 * 1.0)° in the Feldmann-Kroll-Stech mix-
ing scheme [29]. From the sum rule results shown in
Table I we obtain Fg "1(0) = 0.296. The flavor-singlet
contribution to the B — n) form factors is characterized
by the parameter BS, a gluonic Gegenbauer moment. It
appears that the singlet contribution to the form factor is
small unless B§ assumes extreme values ~40 [28].

The B — m, K, 7, transition form factors to be used in
this work are displayed in Table II. We shall use the form
factors determined from QCD sum rules for B — V tran-
sitions [32].

B. Decay constants

Decay constants of various vector mesons defined by

_l'fvmvsz,

~fr(elp” — €5p*)

V(p, ©)lg2v,9:110) =
<V(pr 8)'@20-#1/611 |0> =

(3.3)
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TABLE 1. Form factors for B — P transitions obtained in the QCD sum rules with BS being

the gluonic Gegenbauer moment.

FE™(0) 0.258 = 0.031 [25] 0.26%004 [26]
FBK(0) 0.331 = 0.041 [25] 0.3670:03 [27]
F7(0) 0.229 =+ 0.024 + 0.011 [28]

FE™(0) 0.188 = 0.002B5 =+ 0.019 = 0.009 [28]

are listed in Table II. They are taken from [33]. For
pseudoscalar mesons, we use f, = 132 MeV and fx =
160 MeV. Decay constants ff)(,), f;(,) and f; «, defined by

_ N
©lgy . ysqln") = t\/—zfj’?(,)qw

Olsy,yssin) = if (34)

Oley,yseln®y = if <, qu

are also needed in calculations. For the decay constants
f‘f](,) and f ;(,), we shall use the values

£4 =107 MeV,
i, =89 MevV,

obtained in [29]. As for f° ;

calculation gives [34]

f :,(') =

C2md 2

/5= =112 MeV,
f3, =137 MeV

(3.5)

a straightforward perturbative

2 q
m- f /
77() -,]()

(3.6)

C. LCDAs

We next specify the LCDAS for pseudoscalar and vector
mesons. The general expressions of twist-2 LCDAs are

TABLE II. Input parameters. The values of the scale dependent quantities f ‘% (u) and af’!(,u) are given for u = 1 GeV. The values
of Gegenbauer moments are taken from [30] and Wolfenstein parameters from [31].

Light vector mesons

14 fv (MeV) fi (MeV) al ay aiV ay"”
p 216 =3 165+ 9 0 0.15 + 0.07 0 0.14 + 0.06
w 187 +5 151 +9 0 0.15 + 0.07 0 0.14 + 0.06
¢ 215+5 186 + 9 0 0.18 + 0.08 0 0.14 + 0.07
K* 220+5 185 + 10 0.03 + 0.02 0.11 + 0.09 0.04 + 0.03 0.10 + 0.08
Light pseudoscalar mesons
af aj ak a¥
0.25 +0.15 0.06 + 0.03 0.25 +0.15
B mesons
B mg (GeV) 75 (PS) fz (MeV) Ap (MeV)
B, 5.279 1.638 210 *+ 20 300 = 100
B, 5.279 1.525 210 *+ 20 300 = 100
B, 5.366 1.472 230 + 20 300 = 100
Form factors at g> = 0
FEX(0) AK(0) APK(0) AFK(0) VEE (0)
0.35 + 0.04 0.374 = 0.033 0.292 * 0.028 0.259 * 0.027 0.411 = 0.033
FB7(0) A8 (0) A% (0) A% (0) VeP(0)
0.25 + 0.03 0.303 *+ 0.029 0.242 * 0.023 0.221 + 0.023 0.323 + 0.030
Fy"(0) A§“(0) Afe(0) A%2(0) VEe(0)
0.296 * 0.028 0.281 = 0.030 0.219 + 0.024 0.198 + 0.023 0.293 * 0.029
Quark masses
my,(my)/GeV m,(m,)/GeV m2'® /mbe m,(2.1 GeV)/GeV
4.2 0.91 0.3 0.095 = 0.020
Wolfenstein parameters
A A p 7 Y
0.8116 0.2252 0.139 0.341 (67.8743)°
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Dyl ) = 63(1 =0 1+ 3 el Cx - 1) |
n=1

Of ) = 6x(1 — 0 1+ ¥ at(wei@r - )|

- n=1

Y00 = 621 =01+ 3 a (cx - 1)

- n=1

3.7
and twist-3 ones

D,(x) =1, D, (x) = 6x(1 — x),

@05 =3 20= 1+ 3 @ (@ x -1 ]

n=1

(3.8)

where C,(x) and P, (x) are the Gegenbauer and Legendre
polynomials, respectively. When three-particle amplitudes
are neglected, the twist-3 @, (x) can be expressed in terms
of ® 1

x O 1P
D, (x) = f L@ - f LIOFN (3.9)
0 X u
The normalization of LCDAsS is
1 1
/ dx®y(x) = 1, [ dx®,(x) = 0. (3.10)
0 0

Note that the Gegenbauer moments agl)’K* displayed in

Table II taken from [30] are for the mesons containing a
strange quark.
The integral of the B meson wave function is parame-
terized as [2]
dp m

1
——df(p) ==,

B
3.11
ol—p A GAD

where 1 — p is the momentum fraction carried by the
light spectator quark in the B meson. The study of hadronic
B decays favors a smaller first inverse moment Ag: a
value of 350 = 150 MeV was employed in [2] and
200f(2)50 MeV in [21], though QCD sum rule and other
studies prefer a larger Az ~ 460 MeV [35]. We shall use
Ag =300 = 100 MeV.
For the running quark masses we shall use [36,37]

my(my) = 42 GeV,  my(2.1 GeV) = 4.94 GeV,
my,(1 GeV) = 6.34 GeV,  m.(my) = 0.91 GeV,
m.(2.1 GeV) = 1.06 GeV, m.(1 GeV) = 1.32 GeV,
my(2.1 GeV) = 95 MeV, my(1 GeV) = 118 MeV,
my(2.1 GeV) = 5.0 MeV, m,(2.1 GeV) = 2.2 MeV.
(3.12)

Note that the charm quark masses here are smaller than the
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one m.(m,) = 1.3 = 0.2 GeV adopted in [1,22] and con-
sistent with the high precision mass determination from
lattice QCD [38]: m.(3 GeV) = 0.986 = 0.010 GeV and
m.(m.) = 1.267 = 0.009 GeV (see also [39]). Among the
quarks, the strange quark gives the major theoretical un-
certainty to the decay amplitude. Hence, we will only
consider the uncertainty in the strange quark mass given
by m,(2.1 GeV) = 95 = 20 MeV. Notice that for the one-
loop penguin contribution, the relevant quark mass is the
pole mass rather than the current one [40]. Since the
penguin loop correction is governed by the ratio of the
pole masses squared s; = (m"'°/mb*'*)? and since the pole
mass is meaningful only for heavy quarks, we only need to
consider the ratio of ¢ and b quark pole masses given by
s, =~ (0.3)2.

D. Penguin annihilation

In the QCDF approach, the hadronic B decay amplitude
receives contributions from tree, penguin, electroweak
penguin, and weak annihilation topologies. In the absence
of 1/m,, power corrections except for the chiral enhanced
penguin contributions, the leading QCDF predictions en-
counter three major difficulties as discussed in the
Introduction. This implies the necessity of introducing
1/m, power corrections. Soft corrections due to penguin
annihilation have been proposed to resolve the rate deficit
problem for penguin-dominated decays and the CP puzzle
for B — K~ 7*.? However, the penguin-annihilation am-
plitude involve troublesome endpoint divergences. Hence,
subleading power corrections generally can be studied only
in a phenomenological way. We shall follow [2] to model
the endpoint divergence X = [} dx/x in the annihilation
and hard spectator-scattering diagrams as

XA = 1n<@)(1 + pAeid’A), (3]3)
Ay

with A, being a typical scale of order 500 MeV, and p,,
¢4 being the unknown real parameters.

A fit to the data of B, ; — PP, VP, PV, and VV decays
yields the values of p, and ¢, shown in Table III.
Basically, it is very similar to the so-called ““S4 scenario”
presented in [1]. Within the framework of QCDF, one
cannot account for all charmless two-body B decay data
by a universal set of p, and ¢, parameters. Since the
penguin-annihilation effects are different for B — VP
and B — PV decays,

Besides the mechanisms of penguin annihilation, charming
penguins and final-state rescattering, another possibility of solv-
ing the rate and CP puzzle for B — K~ 7" was advocated
recently in [41] by adding to the B — K7 QCDF amplitude a
real and an absorptive part with a strength 10% and 30% of the
penguin amplitude, respectively.
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TABLE III. The parameters p, and ¢, for penguin annihila-
tion. The fitted p, and ¢, for B — VV decays are taken from
[24].

Mode Pa ba Mode Pa D4

B — PP 1.10 -50° B— VP 1.07 —=70°
B— PV 0.87 -30° B— K¢ 0.70 —40°
B— K'p 0.78 —43° B— K¢ 0.65 —53°

Al ~ —A}
2
~ema[3(x47 -4+ )+ s - 204m)]

AL =~ 67Ta3|:—3r¥((XXP)2

2
+ r)’;((XX” )F —2X)F + ?)]

2
—ZXXP+4—%)

A} = 6ma,[3r2XYF — )2 — X)P)

— rPXYP)? - XYP)] (3.14)
for MM, = VP and
Al = —A}

2
= 67Tav[3<X£V —4 + %) + VVVP((XPV)z Xﬁ)v)];

Al = 67TaS|:

77.2
e (o - axp + 2]

~ 67Tas[—3r§(2X/I:V - D2 - Xf:v)
+ry(x4Y)? — X))

for M\M, = PV, the parameters X" and X%V are not
necessarily the same. Indeed, a fit to the B — VP, PV
decays ylelds pif =107, ¢}" = —70° and piV =
0.87, d) —30° (see Table III). For the estimate of
theoretical uncertainties, we shall assign an error of *£0.1
to py and =20° to ¢4. Note that penguin-annihilation
contributions to K¢ (K*¢) are smaller than other PV
(VV) modes. In general, penguin annihilation is dominated
by b3 or B3 through (S — P)(S + P) interactions.

77.2
—3r1;((x§V)2 — XV 44— ?)

(3.15)

E. Power corrections to a,

As pointed out in [16], while the discrepancies between
theory and experiment for the rates of penguin-dominated
two-body decays of B mesons and direct CP asymmetrles
of By~ K 7", B~ —> K p° and B, — w7 are re-
solved by the power corrections due to penguin annihila-
tion, the signs of direct CP-violating effects in
B~ — K 7% B~ — K 1, and B® — 7°7° are flipped to
the wrong ones when confronted with experiment. These
new B-CP puzzles in QCDF can be explained by the

PHYSICAL REVIEW D 80, 114008 (2009)

subleading power corrections to the color-suppressed tree
amplitudes due to hard spectator interactions and/or final-
state interactions that yield not only correct signs for
aforementioned CP asymmetries but also accommodate
the observed B; — 77 and p°#° rates simultaneously.

Following [16], power corrections to the color-
suppressed topology are parametrized as

ay = ay(1 + pee'®e), (3.16)

with the unknown parameters p- and ¢ to be inferred
from experiment. We shall use [16]

c~13080  ¢c~—-70°,-80°0 (3.17)

for B— PP, VP, VV decays, respectively. This pattern
that soft power corrections to a, are large for PP modes,
moderate for VP ones and very small for VV cases is
consistent with the observation made in [9] that soft power
correction dominance is much larger for PP than VP and
V'V final states. It has been argued that this has to do with
the special nature of the pion, which is a ¢ bound state on
the one hand and a nearly massless Nambu-Goldstone
boson on the other hand [9].

What is the origin of power corrections to a,? There are
two possible sources: hard spectator interactions and final-
state interactions. From Eq. (3.18) we have the expression

Cq CFCY

M\M,) = +—+—
a)(M\M,) = ¢, N, N, 4x

[Vz(Mz)

4772
+ N HZ(MIMZ)]+a2(MlM2)LD (3.18)

for a,. The hard spectator term H,(M,M,) reads

ifgfm fum, mg ldxd Dy ()P, ()

X (BM M) A Xy

o B0
Xy

Hy(M\M,) =

(3.19)

where X(BMiM) ig the factorizable amplitude for B —
M;M,, ¥ =1 — x. Power corrections from the twist-3
amplitude ®,, are divergent and can be parameterized as

d
Xy = f Y —n —(1 + pyei®n). (3.20)
0oy
Since ¢; ~ O(1) and ¢y ~ O(—1.3) in units of «,,,, it is

clear that hard spectator contributions to a; are usually very
small except for a, and a,. Indeed, there is a huge can-
cellation between the vertex and naive factorizable terms
so that the real part of a, is governed by spectator inter-
actions, while its imaginary part comes mainly from the
vertex corrections [42]. The value of a,(K7) = 0.51¢ 3%
needed to solve the B — K& CP puzzle [see Eq. (4.4)]
corresponds to py = 4.9 and ¢y = —77°. Therefore,
there is no reason to restrict py to the range 0 = py =
1. A sizable color-suppressed tree amplitude also can be
induced via color-allowed decay B~ — K~ 7’ followed by
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K-

IS
<

FIG. 1. Contribution to the color-suppressed tree amplitude of
B~ — K~ 7 from the weak decay B~ — K~ %’ followed by the
final-state rescattering of K~ into K~ 7°. This has the same
topology as the color-suppressed tree diagram.

the rescattering of K~ %’ into K~ 7° as depicted in Fig. 1.
Recall that among the 2-body B decays, B — K7’ has the
largest branching fraction, of order 70 X 107, This final-
state rescattering has the same topology as the color-
suppressed tree diagram [43]. One of us (C.K.C.) has
studied the final-state interaction (FSI) effects through
residual rescattering among PP states and resolved the
B-CP puzzles [7]. As stressed by Neubert sometime ago,
in the presence of soft final-state interactions, there is no
color suppression of C with respect to T [44].

Since the chiral factor r) for the vector meson is sub-
stantially smaller than 7% for the pseudoscalar meson (typi-

PHYSICAL REVIEW D 80, 114008 (2009)
cally, ¥ = ©(0.8) and r} = 0(0.2) at the hard-collinear

scale w;, = 4/A,m;), one may argue that Eq. (3.19) pro-
vides a natural explanation as to why the power corrections
to a, are smaller when M| is a vector meson, provided that
soft corrections arise from spectator rescattering.
Unfortunately, this is not the case. Numerically, we found
that, for example, H(K* ) is comparable to H(K 7). This is
due to the fact that [} dxri @, (x)/(1 — x) is equal to X ¥
for M = P and approximated to 3(Xy — 2)ry for M = V.

We use next leading order (NLO) results for a, in
Eq. (3.16) as a benchmark to define the parameters p.
and ¢ . The next to next leading order calculations of
spectator-scattering tree amplitudes and vertex corrections
at order a? have been carried out in [45,46], respectively.
As pointed out in [47,48], a smaller value of Ap can
enhance the hard spectator interaction and hence a, sub-
stantially. For example, a,(7m)~ 0.375 — 0.076i for
Ap = 200 MeV was found in [48]. However, the recent
BABAR data on B — y{p [49] seems to imply a larger Ag
(> 300 MeV at the 90% C.L.). While next to next leading
order corrections can in principle push the magnitude of
a,(7r7) up to the order of 0.40 by lowering the value of the
B meson parameter Ag, the strong phase of a, relative to a;
cannot be larger than 15° [47]. In this work we reply on p¢
and ¢ to get a large magnitude and strong phase for a,.

TABLE IV. CP-averaged branching fractions (in units of 10~°) and direct CP asymmetries (in %) of some selective B — PP decays
obtained in QCD factorization for three distinct cases: (i) without any power corrections, (ii) with power corrections to penguin
annihilation, and (iii) with power corrections to both penguin annihilation and color-suppressed tree amplitudes. The parameters p,
and ¢, are taken from Table III, p- = 1.3 and ¢ = —70°. The theoretical errors correspond to the uncertainties due to the variation
of (i) Gegenbauer moments, decay constants, quark masses, form factors, the Az parameter for the B meson wave function, and

(i1) pay,> @4y respectively.

Mode W/0 pacs Pac With pu, ¢4 With puc, dac Expt. [3]
BB — K~ ) 13.1+33+07 19.347:9+82 19.377:3+83 19.4 = 0.6
B(B" — K7°) 55535703 8.413843% 8.6135%3% 9.5+0.5
BB~ — K'm") 14.9742799 217425488 21742848 231+ 1.0
BB~ — K~ ") 9.1735703 12.6747+43 12.5731742 12.9 = 0.6
BB~ — K™ n) 16254703 24414413 24414413 2.36 +0.27
BB — 7ta7) 6.270:4102 7.070:3+07 7.0704+07 5.16 = 0.22
BB — 707) 0421374018 0524936402 11258563 155 = 0,197
BB~ — 7 1) 4.970:2+0¢ 4.970.2+08 59733014 5.59+041
BB~ — 7 1) 4.4708+04 4.5708703 5055209 4103
Acp(B® = K~ 7™) 4070541 74511143 74511143 —9.8%12
Acp(B® — KO71) —4.01333 0.75" 85238 —10.67271734 -1+10
Acp(B~ — KO77) 0.72+006+0.05 0.28 003109 0.28 003709 0.9 +25
Acp(B~ — K~ 7°) 7.3715%23 —=5.5%13 40 4.91397¢4 5025
Acp(B~ — K~ 1) —22.14] 7140 12.7+77+134 —110%83 140, -37+9
Acp(B® = 7w 7) —6.270429 17.07}3%%3 17.0713+83 38+ 6
Acp(B — 7°70) 33.476853438, 2697841483 57.2+348+303 437233
Acp(B~ — 7 7°) —0.067391+0.00 —0.067391+0.00 —0.117391+0.00 6*+5
Acp(B~ — 77 1) —11.4710423 114753483 —5.07 3418 —13+7

“If an S factor is included, the average will become 1.55 = 0.35.
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TABLE V. CP-averaged branching fractions (in units of 10~%) of B — PP decays obtained in various approaches. The pQCD results
are taken from [50-54]. Note that there exist several pQCD calculations for B — K 1" [52,55-57] and here we cite the pQCD results
with partial NLO corrections [52]. There are two solution sets with SCET predictions for decays involving n and/or ' [58].

PHYSICAL REVIEW D 80, 114008 (2009)

Mode QCDF (this work) pQCD SCET Expt. [3]

B~ — K7 21.7423+29 23.61 14 20.8 7.9 0.6 = 0.7 231+ 1.0

B~ — K 7' 12.5%47+42 13.61103 11.3+41+1.0=03 129+ 0.6

B'— K~ 7" 19.3779+82 20.4+16! 20.1 7.4+ 13%06 19.4 + 0.6

B — K70 8.67353% 8.77%% 9.4+36*02=03 9.5+ 0.5

B-— a7’ 59133114 4.0735 52+ 1.6%21=06 5.59794

B — mtm” 7.0704%07 6.5%%1 54+13*14=04 5.16 = 0.22

B — 7070 L1759+07 0.297539 0.84 = 0.29 * 0.30 = 0.19 1.55 = 0.19

B~ — K K° 1.8702+01 1.66 1.1 +0.4 * 1.4 =0.03 1.367039

B'— K"K~ 0.105993+0.03 0.046 - 0.15%21%

B’ — K°K° 21750708 1.75 1.0+ 0.4 = 1.4 = 0.03 0.96034

B~ — K7 2.3418%13 3.20532 7L 27+48*0.4+03 2.36 + 0.27
23*45+04+03

B~ — K 7y 78475131304 51.0% g EN 2 69.5 £27.0 4.4+ 7.7 711+ 2.6

69.3 =26.0 £ 7.1 £ 6.3

B — K Letistid 21108230 24+44+02+03 1127939
23+44+02+05

B — KOy’ 7427383727 50.3 58 L LERS 632247 +42+8.1 66.1 = 3.1

622237 +55%7.2

B —m 1 50752709 41153104708 49+ 1.7+1.0*0.5 4.07 = 0.32
50 1.7+12*04

B — a7 3.855at0e 24708 +02=03 24+12+02+04 2.7403
28+ 1.2+03+03

B — 79 0.367 931013 0.23+004+0.04 + 0.05 0.88 + 0.54 + 0.06 + 0.42 <15

0.68 = 0.46 = 0.03 = 0.41

B — 70y 0.42035018 0.19 = 0.02 = 0.03799¢ 23+08+03+27 1.2+ 0.4
1.3+05+0.1=0.3

B — nn 0.3270 134007 0.67+432 0.69 = 0.38 = 0.13 = 0.58 <1.0
1.0 0.4 +03= 1.4

B — 9y’ 0.36 0107063 0.18 = 0.11 1L.0£05=01%15 <1.2
22%0.7+0.6=*54

B — n'y/ 0.227034+0.08 0.115942 0.57 + 0.23 = 0.03 + 0.69 <17

1.2*+04+03%37

IV. B — PP DECAYS

Effects of power corrections on penguin annihilation and
the color-suppressed tree amplitude for some selective
B — PP decays are shown in Table IV. The implications
will be discussed below. Branching fractions and CP
asymmetries for all B— PP decays are shown in
Tables V and VII, respectively. The theoretical errors cor-
respond to the uncertainties due to the variation of (i) the
Gegenbauer moments, the decay constants, (ii) the heavy-
to-light form factors and the strange quark mass, and
(iii) the wave function of the B meson characterized by
the parameter Ap, the power corrections due to weak
annihilation and hard spectator interactions described by
the parameters p,y, ¢4y, respectively. To obtain the
errors shown in these tables, we first scan randomly the
points in the allowed ranges of the above nine parameters

(specifically, the ranges p% — 0.1 =p, = p4 +0.1,
Pl —20° =, =% +20°, 0=py=1, and 0=
¢y = 27 are used in this work, where the values of p$
and ¢ are displayed in Table III) and then add errors in
quadrature. More specifically, the second error in the table
is referred to the uncertainties caused by the variation of
pan and ¢, 5, where all other uncertainties are lumped
into the first error. Power corrections beyond the heavy
quark limit generally give the major theoretical
uncertainties.

A. Branching fractions
1. B— Km

The B — K decays are dominated by penguin contri-
butions because of |V, Vi, | < [V Vi, | = |V, V)| and the
large top quark mass. For the ratios defined by
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_ 2B~ — K~ 7"
¢ TI'(B-—K'7)’

_T(B'— K 7)
"B = KO0y

4.1)

we have R. = R, = 1 if the other quark-diagram ampli-
tudes are negligible compared with P’. The current experi-
mental measurements give R, = 1.12*0.07 and
R, =0.99 = 0.07. In QCDF we have R. = 1.15 = 0.03
and R, =1.12+0.03, which are consistent with
experiment.

From Table IV, we see that the predicted rates for
penguin-dominated B — PP decays to the zeroth order
of 1/m, expansion are usually (30 ~ 45)% below mea-
surements (see the second column of Table IV). Also the
direct CP asymmetry A-p(K~ 7") is wrong in sign. We use
penguin annihilation dictated by p, = 1.10 and ¢, =
—50° to fix both problems.

2.B— Kn"

Among the 2-body B decays, B — K’ has the largest
branching fraction, of order 70 X 10~°, while B(B — nK)
is only (1-3) X 107°. This can be qualitatively understood
as follows: Since the 1-7' mixing angle in the quark-flavor
basis 1, = (uii + dd)//2 and 7, = s5

n' = singn, + cosdn;
(4.2)

is extracted from the data to be ¢p = 39.3° [29], it is clear
that the interference between the B — Kn, amplitude
induced by the b — sgg penguin and the B — K7, ampli-
tude induced by b — ss5 is constructive for B— K7’ and
destructive for B — nK. This explains the large rate of
the former and the suppression of the latter. However, most
of the model calculations still fall short of the data for
B(B— K7').

Many possible solutions to the puzzle for the abnormally
large K7’ rate have been proposed in the past: (i) a sig-
nificant flavor-singlet contribution [15,59], (ii) a large B —
n' form factor [60], (iii) a contribution from the charm
content of the 7', (iv) an enhanced hadronic matrix element
(0]57yss|n’) due to the axial U(1) anomaly [61], (v) a large
chiral scale m{ associated with the M4 [55,56], (vi) a long-
distance charming penguin in SCET [58], and (vii) a large
contribution from the two-gluon fusion mechanism [62].

Numerically, Beneke and Neubert already obtained
B(B~ — K~ 7') ~ O(50 X 107°) in QCDF using the de-
fault values py, = py = 0 [1]. Here, we found similar
results 57 X 107° (53 X 107°) with (without) the
contributions from the “charm content” of the 5. In the
presence of penguin annihilation, we obtain B(B~ —
K 7)~78 X107 (71 X 107°) with (without) the
“charm content” contributions. Therefore, the observed
large B— Km' rates are naturally explained in QCDF
without invoking, for example, flavor-singlet contribu-
tions. Data on B — K7 modes are also well accounted
for by QCDF.

n = cos¢n, — singn,,

PHYSICAL REVIEW D 80, 114008 (2009)

3. B— 7w

From Table IV we see that power corrections to the
color-suppressed tree amplitude have almost no effect on
the decay rates of penguin-dominated decays, but will
enhance the color-suppressed tree-dominated decay B —
070 substantially owing to the enhancement of |a,| ~
0(0.6) [see Eq. (4.4) below]. Since |Pgw/C| is of order
0.06 before any power corrections, it is very unlikely that
an enhancement of Pgy through new physics effects can
render ¢ = C + Pgw large and complex. Notice that the
central values of the branching fractions of B — 77"
measured by BABAR [63] and Belle [64], (1.83 = 0.21 =
0.13) X 107® and (1.1 = 0.3 = 0.1) X 109, respectively,
are somewhat different in their central values. The charged
mode B~ — 7~ 7 also gets an enhancement as its ampli-
tude is proportional to a; + a,. The prediction of QCDF or
pQCD (see Table V) for B(B® — 7" 7r7) is slightly too
large compared to the data. This is a long-standing issue.
One possibility for the remedy is that there exists w7 —
7r7r meson annihilation contributions in which two initial
quark pairs in the zero isospin configuration are destroyed
and then created. Indeed, in the topological quark-diagram
approach, this corresponds to the vertical W-loop diagram
[65]. As shown in [7,43], this additional long-distance
contribution may lower the 777 77~ rate. In the final-state
rescattering model considered by Hou and Yang [66] and
elaborated more by one of us (C.K.C.) [7], B — w7~
and 770 rates are reduced and enhanced roughly by a
factor of 2, respectively, through FSIs. It should be re-
marked that in the pQCD approach, it has been shown
recently that the color-suppressed tree amplitude will be
enhanced by a soft factor arising from the uncanceled soft
divergences in the k; factorization for nonfactorizable
hadronic B decays [10]. As a consequence, the B —
79 rate can be enhanced to the right magnitude.

4 B— KK

The decays B~ — K~ K° and B® — K°K° receive b —
d penguin contributions and B — K"K~ proceeds only
through weak annihilation. Hence, the first two modes have
branching fractions of order 107°, while the last one is
suppressed to the order of 1073,

5. B— aqn")
The decay amplitudes of B — 7n are
V2A(B™ — 7 ) = Ay [8,u(ar + By) + 208 + &f]
+ An,ﬂr[apu(al + BZ) + dz:l:
_2A(BO - 77077) = Awnq[apu(a2 - :81) + 2a§ + &f]
+ Anqw[apu(_QZ - Bl) + &4]: )
(4.3)

with &, = a4 + B3 and similar expressions for B — 77’
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TABLE VI. CP-averaged branching fractions (in units of 107°) of B — 75 decays.
T 77, 77.077/ TN 77.077
BABAR 3.5+0.6 £0.2 [67] 0.9 *=0.4 £0.1 [68] 4.00 = 0.40 = 0.24 [67] <1.5 [68]
Belle 1.8727 + 0.1 [69] 2.8 £ 1.0 £0.3 [69] 42 %04 =02 [70] <2.5 [71]
Average 2753 1.2 +04 4.1+03 <15

It is clear that the decays B — 1) 7% have very small rates
because of near cancellation of the color-suppressed tree
amplitudes, while the charged modes 1) 77~ receive color-
allowed tree contributions. From the experimental data
shown in Table VI, it is clear that BABAR’s measurement
of B(B~ — 7w n')> B(B"— #'y’) is in accordance
with the theoretical expectation, whereas Belle’s results
indicate the other way around. Nevertheless, BABAR and
Bell agree with each other on B(B — 7r1). QCDF predic-
tions for B — 7rn") agree well with the BABAR data. As
for the pQCD approach, it appears that its prediction for
B(B® — 799’) is too small. At any rate, it is important to
have more accurate measurements of B — 7n(),

B. Direct CP asymmetries

For p. = 1.3 and ¢ = —70°, we find that all the CP
puzzles in B — PP decays are resolved as shown in fourth
column of Table IV. The corresponding a,’s are

a(mm) = 0.60e ", ar(Km) = 0.51e 5%, (4.4)

They are consistent with the phenomenological determi-
nation of C")/T") ~ a,/a, from a global fit to the available
data [15]. Because of the interference between the penguin
and the large complex color-suppressed tree amplitudes, it
is clear from Table IV that theoretical predictions for direct
CP asymmetries now agree with experiment in signs even
for those modes with the significance of Acp less than 30
We shall discuss each case one by one.

1. ACP(K_77+)

Neglecting electroweak penguin contributions, the de-
cay amplitude of B — K~ 7" reads
AB — K 7%) = A (8, + af + BY). 4.5)

Following [1], the CP asymmetry of B — K~ 7" can be
expressed as

ACP(BO — K~ 7T+)RFM = -2 Sin'}/ ImrFM, (46)
with

_TB*— K 7")

Rt = T — gogy | 2eoyRerm + Il
AW a,(7K)
L 1 _ 4.7
MNY | —as(mK) — B5(7K) “n

where the small contribution from &7 has been neglected
and the decay amplitude of B~ — K7~ is given in

Eq. (4.11). Theoretically, we obtain rgy = 0.14 for y =
67.8° with a small imaginary part and Rgy = 0.91, to be
compared with the experimental value Rpy; = 0.84 =
0.04. In the absence of penguin annihilation, direct CP
violation of B® — K~ 7" is positive as Ima§ = 0.013.
When the power correction to penguin annihilation is
turned on, we have Im(a§ + B5) = —0.039 and hence a
negative Acp(K~ 7). This also explains why CP asym-
metries of penguin-dominated decays in the QCDF frame-
work will often reverse their signs in the presence of
penguin annihilation.

2. ACP (K_ 770)
The decay amplitude is

V2AB~ — K~ 7°) = A, p(8,a; + o + B)

+ Ag (8,07 + éang).

3 (4.8)

If the color-suppressed tree and electroweak penguin am-
plitudes are negligible, it is obvious that the amplitude of
K~ 7° will be the same as that of K~ 7" except for a trivial
factor of 1/+/2. The CP asymmetry difference AAg, =
Acp(K~ %) — Acp(K™7r) arising from the interference
between P’ and C’ and between Ppy, and 7" is expected to
be small, while it is 0.148 = 0.028 experimentally [3]. To
identify the effect due to the color-suppressed tree ampli-
tude, we write

AAg, = 0.01573:50670.008 — 2 siny Imre + - -+, (4.9)

where the first term on the right-hand side is due to the
interference of the electroweak penguin with color-allowed
tree and QCD penguin amplitudes and

f=F§*(0) a,(mK)
fF§T(0) —af(7K) — B5(7K)

Au(s)
AC(S)

re = | (4.10)
The imaginary part of r. is rather small because of the
cancellation of the phases between «, and af + B5. When
soft corrections to a, are included, we have ro = 0.078 —
0.063:. It follows from Eq. (4.9) that AAg . will become of
order 0.13.

As first emphasized by Lunghi and Soni [72], in the
QCDF analysis of the quantity AAg,., although the theo-
retical uncertainties due to power corrections from penguin
annihilation are large for individual asymmetries
Acp(K~7°) and Acp(K~7™"), they essentially cancel out
in their difference, rendering the theoretical prediction
more reliable. We find AAg, = (12.3723721)%, while it

114008-12



REVISITING CHARMLESS HADRONIC B, ; DECAYS ...

is only (1.970371-8)% in the absence of power corrections
to a, or to the topological amplitude C'.

3. Acp(koﬂo) and Acp(koﬂi)

The decay amplitudes are
V2A(B — KO7°) = Apg(—af = BY)

3
+A-7T<5 Wy + = ab )
Kr\TreT2 DTSRV 4

=—-p' +c,
AB™ = K7 = A eladh + B2) = )

where the amplitudes p’ = P/ — P&, + P), and ¢/ =
C’ + Pgy have been introduced in Sec. I. CP violation
of B~ — K%z~ is expected to be very small as it is a pure
penguin process. Indeed, QCDF predicts Aqp(K'7™) =
0.003. If ¢’ is negligible compared to p’, Acp(K°7%) will
be very small. Just as the previous case, the CP asymmetry
difference of the K°77° and K°7~ modes reads

AAf, = Acp(K'7%) — Acp(KO77)
= (0.579%+0 % + 2siny Imre + - -+, (4.12)

where the first term on the right-hand side is due to
the interference between the electroweak and QCD pen-
guin amplitudes. To a good approximation, we have
AA%, ~ —AAg,. This together with the measured value
of AAg,. and the smallness of A-p(K°7 ) indicates that
Acp(K°7%) should be roughly of order —0.15. Using
Imres = —0.063 as discussed before, it follows from the
above equation that Ap(K°7°) is of order —11%. More
precisely, we predict Acp(K'7°%) = (—10.673173:$)% and
AAk, = (—11.073]%38)%, while they are of order 0.0075
and 0.0057, respectively, in the absence of p- and ¢.
Therefore, an observation of Aqp(K°7Y) at the level of
—(10 ~ 15)% will be strong support for the presence of
power corrections to ¢’. This is essentially a model-
independent statement.

Experimentally, the current world average —0.01 =
0.10 is consistent with no CP violation because the
BABAR and Belle measurements —0.13 = 0.13 = 0.03
[73] and 0.14 = 0.13 = 0.06 [74], respectively, are of op-
posite sign. Nevertheless, there exist several model-
independent determinations of this asymmetry: one is the
SUQ3) relation AT'(7°7%) = —AT'(K°7°) [75], and the
other is the approximate sum rule for CP rate asymmetries
[76]

AT(K~7%) + AT(K%7™) = 2[AT(K~#°) + AT(K°#°)],
(4.13)

based on isospin symmetry, where AI'(K7)=T(B—
K 7) — I'(B — Kr). This sum rule allows us to extract
Acp(K°7°) in terms of the other three asymmetries of
K- 7", K~ 7% K%z~ modes that have been measured.

PHYSICAL REVIEW D 80, 114008 (2009)

From the current data of branching fractions and CP
asymmetries, the above SU(3) relation and
CP-asymmetry sum rule lead to Aqp(K'7°) =
—0.07370342 and Acp(K°7®) = —0.15 = 0.04, respec-
tively. An analysis based on the topological quark diagrams
also yields a similar result —0.08 ~ —0.12 [77]. All these
indicate that the direct CP violation Ap(K°7°) should be
negative and has a magnitude of order 0.10.

4. ACP(KTI(/))

The world average of Aqp(B~ — K 1) = —0.37 =
0.09 due to the measurements —0.36 = 0.11 £ 0.03 from
BABAR [67] and —0.39 = 0.16 = 0.03 from Belle [70]
differs from zero by 4.1 deviations. The decay amplitude
of B~ — K™ m is given by [1]

V2AB~ — K 1) = Agy, [8,000 + 2af]
+ 24k, [8,uB, + af + af + 7]
+ \/EAknf[b‘pc% + af]
+ A, kl8,u(ar + By) + af + BY]
(4.14)

where the flavor states of the 7 meson, gg = (uii +
dd)/+/2, s5 and c¢ are labeled by n,, 1y, and 1Y, respec-
tively. Since the two penguin processes b — ss5 and b —
sqq contribute destructively to B— Kn (i.e. Ag, =
XBKn) has an opposite sign to Ag, and A, g), the
penguin amplitude is comparable in magnitude to the
tree amplitude induced from b — usii, contrary to the
decay B — K7’ which is dominated by large penguin
amplitudes. Consequently, a sizable direct CP asymmetry
is expected in B~ — K~ 7 but not in K~ ' [78].

The decay constants f7, S5 and f3 are given before in
Egs. (3.5) and (3.6). Although f7 =~ —2 MeV is much
smaller than f%°, its effect is Cabibbo-Kobayashi-
Maskawa (CKM) enhanced by V., Vi /(V,,Vi). In the
presence of penguin annihilation, A-p(K~ %) is found to
be of order 0.127 (see Table IV). When p. and ¢ are
turned on, Ap(K ™~ 1) will be reduced to 0.004 if there is no
intrinsic charm content of the 1. When the effect of f7%, is
taken into account, A-p(K™ 1) finally reaches the level of
—11% and has a sign in agreement with experiment.
Hence, CP violation in B~ — K™ 7 is the place where
the charm content of the 7 plays a role.

Two remarks are in order. First, the pQCD prediction for
Acp(K™m) is very sensitive to m,,, the mass of the 7,,
which is generally taken to be of order m ;. It was found in
[55] that for m,, = 0.14, 0.18 and 0.22 GeV, Acp(K™ 1)
becomes 0.0562, 0.0588, and —0.3064, respectively. There
are two issues here: (i) Is it reasonable to have a large value
of m,,? and (ii) The fact that Acp(K ™ n) is so sensitive to
m,, implies that the pQCD prediction is not stable. Within
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the framework of pQCD, the authors of [79] rely on the
NLO corrections to get a negative CP asymmetry and
avoid the aforementioned issues. At the lowest order,
pQCD predicts Acp(K~ 1) = 9.3%. Then NLO corrections
will flip the sign and give rise to Acp(K 7)) =
(—11.77%%)%. In view of the sign change of Acp by
NLO effects here, this indicates that pQCD calculations
should be carried out systematically to NLO in order to
have a reliable estimate of CP asymmetries. Second, while
both QCDF and pQCD can manage to lead to a correct sign
for Acp(K~7), the predicted magnitude still falls short of
the measurement —0.37 £ 0.09. At first sight, it appears
that the QCDF prediction Acp(K™ 1) = —0.22173189 (see
Table IV) obtained in the leading 1/m,, expansion already
agrees well with the data. However, the agreement is just
an accident. Recall that in the absence of power correc-
tions, the calculated CP asymmetries for K~ 7t and
7t 7~ modes are wrong in signs. That is why it is impor-
tant to consider the major power corrections step by step.
The QCDF results in the heavy quark limit should not be
considered as the final QCDF predictions to be compared
with experiment.

5. Acp(m™m)

As for the decay B~ — 7~ 7, it is interesting to see that
penguin annihilation will flip the sign of A-p(7~ 7) into a
wrong one without affecting its magnitude (see Table IV).
Again, soft corrections to a, will bring the CP asymmetry
back to the right track. Contrary to the previous case of
B~ — K™ m, the charm content of the 1 here does not play
a role as it does not get a CKM enhancement.

6. Acp(m™ )

It is well known that based on SU(3) flavor symmetry,
direct CP asymmetries in K7 and 777 systems are related
as [75]:

AT(K™7") = —AT (7" 77),
AT(K°70) = — AT (70 7).
The first relation leads to Agp(atw ) =
[B(K~7t)/B(mrt 7™ )]Acp(K~7t) = 0.37, which is in
good agreement with the current world average of 0.38 =
0.06 [3].

The decay amplitude is

AB — mhm™) = A [8,,(ay + B) + af + B+ -]
(4.16)

(4.15)

which is very similar to the amplitude of the K~ 7" mode
[see Eq. (4.5)] except for the CKM matrix elements. Since
the penguin contribution is small compared to the tree one,

its CP asymmetry is approximately given by
Acp(mt ™) = 2sinyImr,,, 4.17)

with

PHYSICAL REVIEW D 80, 114008 (2009)

A
A9

Numerically, we obtain Imr,, = 0.107 ( — 0.033) with
(without) the annihilation term (5. Hence, one needs pen-
guin annihilation in order to have a correct sign for
Acp(7r" ™). However, the dynamical calculation of both
QCDF and pQCD yields Acp(7m* @) = 0.17 ~ 0.20. It is
hard to push the CP asymmetry to the level of 0.38. Note
that the central values of current B factory measurements
of CP asymmetry: —0.25 = 0.08 = 0.02 by BABAR [80]
and —0.55 = 0.08 £ 0.05 by Belle [81], differ by a factor
of 2.

a§(mm) + B5(mrm)

()

(4.18)

r7T7T

7. Acp(m°m®)

Just like the 71 mode, penguin annihilation will flip
the sign of A-p(7°7°) into a wrong one (see Table IV). If
the amplitude ¢ = C + Pgyw is large and complex, its
interference with the QCD penguin will bring the sign of
CP asymmetry into the right one. As mentioned before,
| Peyw/C| is of order 0.06 before any power corrections. It is
thus very unlikely that an enhancement of Pgy through
new physics can render ¢ large and complex. For the
a,(m) given by Eq. (4.4), we find that Aqp(7°7°) is of
order 0.55, to be compared with the current average,
0.431933 3.

8. Acp(mm°)

It is generally believed that direct CP violation of B~ —
m~a° is very small. This is because the isospin of the
7~ 7 state is 1 = 2 and hence it does not receive QCD
penguin contributions and receives only the loop contribu-
tions from electroweak penguins. Since this decay is tree
dominated, SM predicts an almost null CP asymmetry, of
order 1073 ~ 10~*. What will happen if a, has a large
magnitude and strong phase? We find that power correc-
tions to the color-suppressed tree amplitude will enhance
Acp(m~ 7¥) substantially to the level of 2%. Similar con-
clusions were also obtained by the analysis based on the
diagrammatic approach [15]. However, one must be very
cautious about this. The point is that power corrections will
affect not only a,, but also other parameters a; with i # 2.
Since the isospin of 77~ 7V is I = 2, the soft corrections to
a, and a; must be conspired in such a way that 7~ 7 is
always an [ = 2 state. As explained below, there are two
possible sources of power corrections to a,: spectator
scattering and final-state interactions. For final-state rescat-
tering, it is found in [43] that effects of FSIs on Ap(7~ 7)
are small, consistent with the requirement followed from
the CPT theorem. In the specific residual scattering model
considered by one of us (C.K.C.) [7], 7~ 70 can only
rescatter into itself, and as a consequence, direct CP vio-
lation will not receive any contribution from residual final-
state interactions. Likewise, if large py and ¢y are turned
on to mimic Eq. (4.4), we find Acp(7~ 7°) is at most of
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TABLE VII. Same as Table V except for direct CP asymmetries (in %) of B — PP decays obtained in various approaches.

Mode QCDF (this work) pQCD SCET Expt. [3]
B~ — K'm~ 0.2875:939% 0 <5 0.9=*25
B~ — K 7' 4.91397¢4 -1 —11+9*11%2 50+25
B> K 7" —~7.4111443 -107} —6*x5£6=x2 -9.8712
B — KO7° —10.6727%38 -753 5+4+4+1] -1=10
B —a 7w —0.117391+0.00 0 <4 6=*5
B'— 7t 17.0713443 18+29 20+ 17+19+5 38+6
B — 7070 57.2+348+303 6333 —58 +39 =39+ 13 43133
B~ — K K° —6.4708+18 11 1.1£04=14%0.03 12417
B — KK~ 0 29
B’ — K°K° —10.0597*19 0 1.0+ 0.4 * 1.4 = 0.03
B~ —Kn —11.24555 135 —11.71§8+35+22 33+30+7+*3 -37%9
-33£39+10+4
B —K 7 0.52+088 550 —6.21 3113413 ~10+6*x7%5 13718
0.7=0.5+02=*09
B"— K —21.47805 118, —12.7%4113 1432 21+20*4+3
—18x22+6+4
B"— K%' 3.040840% 23503508501 1H*6=12+2 5+5
—27*£7%8%5
B~ — 7y —5.01 34184 =378 5£19+21=%5 —13x7
37£19%21 =5
B — w1 L6T 39 33748+ 2051210+ 14 6+15
2+10+4%15
B"— 77 —5.2128+246 42497371, 3+£10+12%5
—7+16+4 %90
B’ — 7%/ =7.351900008 —367404242 —24*10*19*24
B"— 9 —63.57 %498 331384450 —9+24*21+4
48 £22+20* 13
B~ ~39.25334 TIARIDL, :
7013204
B~ o'y ~ 4493443 BIERETY

60 £ 11 =22 +29

order 1073. (The result of Aqp(7r~ 7°) in QCDF listed in
Tables IV and VII is obtained in this manner.) This is
because spectator scattering will contribute to not only a,
but also a; and the electroweak penguin parameters a;_i.
Therefore, a measurement of direct CP violation in B~ —
7~ 7° provides a nice test of the standard model and new
physics.

9. CP asymmetries in pQCD and SCET

For most of the B — PP decays, pQCD predictions of
CP asymmetries are similar to the QCDF ones at least in
signs except for the KK, K~ #°, K~ v/, m, 1/, n'n’
modes. Experimental measurements of Acp in 7~ 0, 7~ 1’
modes are in better agreement with QCDF than pQCD. It is
known that power corrections such as penguin annihilation
in QCDF are often plagued by the endpoint divergence that
in turn breaks the factorization theorem. In the pQCD
approach, the endpoint singularity is cured by including
the parton’s transverse momentum. Because of a different

treatment of endpoint divergences in penguin-annihilation
diagrams, some of the CP puzzles do not occur in the
approach of pQCD. For example, pQCD predicts the right
sign of CP asymmetries for B — 7°7° and B~ — 7 g
without invoking soft corrections to a,.

For decays involving 7 and 7/, there are two sets of
SCET solutions as there exist two different sets of SCET
parameters that minimize y2. It is clear from Table VII that
the predicted signs of CP asymmetries for K~ 7%, 7%#°,
7~ 7 disagree with the data and hence the AAg, puzzle is
not resolved. Also the predicted CP violation for K°7° and
K*07° is of opposite sign to QCDF and pQCD. This is not a
surprise because the long-distance charming penguins in
SCET mimic the penguin-annihilation effects in QCDF.
All the B-CP puzzles occurred in QCDF will also manifest
in SCET. (The reader can compare the SCET results of A-p
in Tables VII (for B — PP) and XIII and XIV (for B —
VP) with the QCDF predictions in the third column of
Tables IV and X.) This means that one needs other power
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TABLE VIIL

PHYSICAL REVIEW D 80, 114008 (2009)

Mixing-induced CP violation S, in B — PP decays predicted in various approaches. The pQCD results are taken from

[50,52-54]. For final states involving 7 and/or 7', there are two solutions with SCET predictions [58]. The parameter 7, = 1 except
for Kg(7°, m, n') modes where , = — 1. Experimental results from BABAR (first entry) and Belle (second entry) are listed whenever
available. The input values of sin23 used at the time of theoretical calculations are displayed.

Mode QCDF (this work) pQCD SCET Expt. [94-98] Average
sin23 0.670 0.685 0.725
'Ky 0.67 001 001 0.637539 0.706 = 0.008 0.57 = 0.08 = 0.02 0.59 = 0.07
0.715 = 0.010 0.64 = 0.10 = 0.04
nK; 0.795:9¢70:08 0.627539 0.69 = 0.16
0.79 = 0.15
7Kg 0.797 005 00a 0.747592 0.80 = 0.03 0.55 = 0.20 = 0.03 0.57 =0.17
0.67 = 0.31 = 0.08
ata —0.69759%8+0.19 —0.427,% —0.86 = 0.10 —0.68 = 0.10 = 0.03 —0.65 = 0.07
—0.61 = 0.10 = 0.04
77 0.087095033 0.06773:5% —0.90 + 0.24
—0.67 = 0.82
7' 0.165005+0.11 0.067-5:0% —0.96 = 0.12
—0.60 = 1.31
nm —0.77597+0.12 0.535-5:904 —0.98 = 0.11
—-0.78 = 0.31
nn' —0.763391+ 00 —0.1317993¢ —0.82 = 0.77
—0.71 = 0.37
n'n' —0.857993+007 093008 ~0.59 * 1.10
—0.78 = 0.31

corrections to resolve the CP puzzles induced by charming
penguins. In the current phenomenological analysis of
SCET [93], the ratio of C")/T") is small and real to the
leading order. This constraint should be released.

C. Mixing-induced CP asymmetry

Possible new physics beyond the standard model is
being intensively searched via the measurements of time-
dependent CP asymmetries in neutral B meson decays into
final CP eigenstates defined by

I'B(1)—f) —TBH— /)
I'B@)— )+ T BN — /)

= Sysin(Amt) — Cycos(Ami),
(4.19)

where Am is the mass difference of the two neutral B
eigenstates, S; monitors mixing-induced CP asymmetry
and A; measures direct CP violation (note that C; =
—Acp). The CP-violating parameters C; and S, can be
expressed as

P B VY5 _ 2Im), (420)
NPV NN W EL '
where
_as AB = ) 4.21)
PB A(BO—’f)

In the standard model A; = ne”*# for b — s penguin-
dominated or pure penguin modes with n, =1 ( — 1) for
final CP-even (odd) states. Therefore, it is anticipated in
the standard model that —7 S, =~ sin23 and Ay = 0.
The predictions of S; of B— PP decays in various
approaches and the experimental measurements from
BABAR and Belle are summarized in Table VIII. It is clear
that 'K appears theoretically very clean in QCDF and
SCET and is close to sin28 = 0.672 £ 0.023 determined
from b — cc¢s transitions [3]. Note also that the experi-
mental errors on S,k are the smallest, and its branching
fraction is the largest, making it especially suitable for
faster experimental progress in the near future.
Time-dependent CP violation in B — 7Kg has re-
ceived a great deal of attention. A correlation between
Sk, and Acp(m°Kg) has been investigated in [99].
Recently, it has been argued that soft corrections to the
color-suppressed tree amplitude will reduce the mixing-
induced asymmetry S_ox  to the level of 0.63 [10].
However, we find that it is the other way around in our
case. The asymmetry S ox is enhanced from 0.76 to
0.7979:06+0.0% in the presence of power correction effects
on a,. Our result of S o, is consistent with [7-9] where
power corrections were studied.’ Although this deviates

3Since power corrections will affect not only a,, but also other
parameters a; with i # 2, we have examined such effects by
using py =49 and ¢y = —77° [see discussions after
Eq. (3.20)] and obtained the same result as before.
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TABLE IX. Same as Table VIII except for AS, for penguin-dominated modes. The QCDF results obtained by Beneke [101] are

displayed for comparison.

QCDF (this work)

Mode With p¢, d¢ W/o pc QCDF (Beneke) pQCD SCET Expt. Average
'Ky 0.003:01 0.017:01 0.0170:01 —=0.06703)  —0.02 +0.01 -0.10 =0.08  —0.08 = 0.07
-0.01 £0.01  —0.03=0.11
nKg 0.1275:% 0.1275:94 0.10754 —0.07103%  —0.04+0.16
0.07 = 0.15
7K 0.121007 0.09+007 0.07+0% 0.06*003 0.08 = 0.03 -0.12+020  —0.10*0.17
0.00 =+ 0.32

somewhat from the world average value of 0.57 = 0.17 [3],
it does agree with the Belle measurement of 0.67 = 0.31 =
0.08 [96].

In sharp contrast to QCDF and SCET where the theo-
retical predictions for S,/ are very clean, the theoretical
errors in pQCD predictions for both S,k and S,k arising
from uncertainties in the CKM angles « and y are very
large [52]. This issue should be resolved.

For the mixing-induced asymmetry in B — 77—, we
obtain S+, = —0.69739%*013 in accordance with the
world average of —0.65 % 0.07 [3]. For comparison, the
SCET prediction —0.86 = 0.10 [58] is too large and the
theoretical uncertainty of the pQCD result —0.42* 1% [50]
is too large. For 7°n") modes, SCET predictions are
opposite to QCDF and pQCD in signs. For n7/, the
pQCD result is very small compared to QCDF and SCET.

The reader may wonder why the QCDF result S,k =
0.67 presented in this work is smaller than the previous
result = 0.74 obtained in [100-102]. This is because the
theoretical calculation of S, depends on the input of the
angle B or sin2 3. For example, sin2 3 = 0.725 was used in
the earlier estimate of S around 2005, while a smaller
value of 0.670 is used in the present work.* Therefore, it is
more sensible to consider the difference

ASy = —mn;S; —sin2B (4.22)
for penguin-dominated decays. In the SM, S, for these
decays should be nearly the same as the value measured

“The experimental value of sin2f determined from all
B-factory charmonium data is 0.672 = 0.023 [3]. However, as
pointed out by Lunghi and Soni [103], one can use some
observables to deduce the value of sin23: CP-violating parame-
ter eg, AM,/AM, and V,, from experiment along with the
lattice hadronic matrix elements, namely, the kaon B-parameter
By and the SU(3) breaking ratio &;. A prediction sin2f =
0.87 = 0.09 is yielded in the SM. If the ratio |V,,/V,,| is also
included as an input, one gets a smaller value 0.75 = 0.04. The
deduced value of sin2f thus differs from the directly measured
value at the 20 level. If the SM description of CP violation
through the CKM paradigm with a single CP-odd phase is
correct, then the deduced value of sin23 should agree with the
directly measured value of sin2f in B-factory experiments.

from the b — cCs decays such as B — J/ ¢ K?; there is a
small deviation atr most ©(0.1) [104]. In Table VIII we
have listed the values of sin2f3 used in the theoretical
calculations. Writing the decay amplitude in the form

M(BO - f) = Vub V;sA]u‘ + Vcb V:sAij (423)

it is known that to the first order in r, = (AMA]LZ) / (/\CA})
[105,106]

AS; = 2|r| cos2B siny cosd, (4.24)

with 6, = arg(Aj“(/A;). Hence, the magnitude of the CP
asymmetry difference AS, is governed by the size of
A%/A%. In QCDF the dominant contributions to A%/A¢
are given by [101]

Al [P-IC) [(ah t ral] - (@R
AC | ks [—P] [—(a§ + ryag)] ’
A [PHIC] [+ ran] + [aiR ]
A |k, [P] [—(a§ + ryaf)] ’
Al [POHIC) [0+ ra] + [a3R]
AC | ok, [—P] [—(a§ + ryag)] ’

(4.25)

where R’s are real and positive ratios of form factors and
decay constants and we have followed [101] to denote the
complex quantities by square brackets if they have real
positive parts. For 'K, [ — P] is enhanced because of the
constructive interference of various penguin amplitudes.
This together with the destructive interference between
penguin and color-suppressed tree amplitudes implies the
smallness of AS, /g . As explained before, the penguin
amplitude of B® — 1K is small because of the destructive
interference of two penguin amplitudes [see Eq. (4.14)].
This together with the fact that the color-suppressed tree
amplitude contributes constructively to A%/A¢ explains
why AS, k. is positive and sizable.

Mixing-induced CP asymmetries in various approaches
are listed in Table IX where the soft effects due to p. and

114008-17



HAI-YANG CHENG AND CHUN-KHIANG CHUA

PHYSICAL REVIEW D 80, 114008 (2009)

TABLE X. Same as Table IV except for some selective B — VP decays with p- = 0.8 and ¢ = —80°.

Mode W/o pac. bac With py. ¢a With pac. dac Expt. [3]
B(B*— K p") 6.5536704 8.655574% 8.655474% 8.6501
B(B® — K°p°) 47533703 5543343 54133443 4707
BB~ — K% ") 5515401 7.8%83%73 7.8%53%73 8.0713
BB~ — K p°) 19543763 335057 35113008 3815058
B(B® — K™ m") 37505504 9.2719733 9.2%}9*31 8.6505
B(B® — K*7°) 11433403 3510411 35004508 2.4*0.7
BB~ — Km) 4.0707%08 10.4713%43 10.471-3443 9.9%0%
BB~ — K*~ ") 32104103 6.8%07433 67107433 6.9+23
B(B® — K*n) 11.0%$3*17 154573454 15.6577154 159+ 1.0
BB — wk") 2.9740+09 3.9740433 41742433 5.0+ 0.6
B(B® — p°n°) 0.7670.3550% 0.580:5570.59 13757002 20*0.5"*
BB~ —p ) 11.6733702 11.8%43% 50 11.8% 1414 10.9% 4
BB~ — pn7) 8.27)8*12 8.57 ) 8*12 8.731+17 8.3712
BB — p~ ) 153419403 159711409 15.9411709 157+ 1.8
BB — pta) 8.4103103 9.2409403 9.2%04%03 73+ 1.2
AcplB = K~ p) —1351 39 39Tl 15+ 6
Ace(B = K%p") 68711743 ~50%3548 874135 6:+20
AcplB™ = K%p") 0241413408 02718514 02745 s —12x1
Acp(B~ — K p°) —-8.3533570 56.57185°39% 4547105743 37+ 11
Acp(B = K" *) 156103143 - 12153 121530 -1s 8
Acp(B® — K070 —12.053¢50%° —0.8755355% —10.7438721 15+ 12
Acp(B~ — K07) 0.97+ 3414042 0.395.034019 0.3986355 19 —3.8+4.2
Acp(B~ — K*~7°) 17.5538%% —6.750 10040 165375143 429
Acp(B® — K*n) 3055351 0.205336775) 35505530 19£5
Acp(B = wk) ~59M31 3 6674708 4TI R
Acp(B” — p'n) —2.3139183 SIRMEEIETR 110739753 —30 =38
Ach(B™ = p~ ) —5.410430 163417 9.7:3 140, 2511
Acp(B~ — p'm") 6.7503137 —19.85 7530 —9.853¢ 103 1873,
Acp(B° — p~ ") —3.5503158 44703153 44703753 11=6
Acp(B— pFr) 0.6%01%33 —22.749948% —22.7499482 -18+12

“If an S factor is included, the average will become 2.0 = 0.8.

¢ are also displayed. In the QCDF approach, soft correc-
tions to the color-suppressed tree amplitude will enhance
AS ok, slightly from O(0.09) to ©O(0.12). Itis clear that the
QCDF results in the absence of power corrections are
consistent with that obtained by Beneke [101], by us
[100], and by Buchalla et al. [102]. For example, we
obtained S,/x, = 0.737 in 2005 and S,k =~ 0.674 this
time. But the value of AS,x remains the same as the
value of sin23 has been changed since 2005.

V. B— VP DECAYS

Power corrections to a, for B— VP and B— VV are
not the same as that for B — PP as described by Eq. (4.4).
From Table X we see that an enhancement of a, is needed
to improve the rates of B— p°7° and the direct CP
asymmetry of B® — K*Y7. However, it is constrained by

the measured rates of p°7~ and p~ 7° modes. The central

values of their branching fractions are already saturated
even for vanishing p-(VP). This means that p-(VP) is
preferred to be smaller than p-(PP) = 1.3. In Table X we
show the dependence of the branching fractions and CP
asymmetries in B — VP decays with respect to p, ¢ and
¢ a.c. The corresponding values of a, for p- = 0.8 and
b= —80° are

a,(mp) = 0.40e" 51",

a,(pm) = 0.38¢ 5%, 5.0
ay(pK) = 0.36¢ 52, ‘

a,(mK*) = 0.39¢ 51",

It is clear from Table X that in the heavy quark limit, the
predicted rates for B — K" are too small by a factor of
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TABLE XI.

PHYSICAL REVIEW D 80, 114008 (2009)

Branching fractions (in units of 107%) of B — VP decays induced by the b — d (AS = 0) transition. We also cite the

experimental data [3,36] and theoretical results given in pQCD [82-85] and in SCET [86].

Mode QCDF (this work) pQCD SCET 1 SCET 2 Expt.
B —pa° 11.8% 1414 6~9 8910310 11470658 10.9%}4
B~ — pm” 87431411 5~6 10.7537559 7.9707170% 83113
B — p*ar* 25145501 18 ~ 45 13.4708412 16.8703+1¢ 23.0+2.3
B —pta 9.2%03%03 59703703 6.6°01707 73+1.2
B’ — p-at 15.97 11409 7.550340% 10.2704403 15718
BY — pO7° 134572 0.07 ~ 0.11 2.5+02+02 1581781 2.0 0.5
B~ — wm” 6.7 3041 4~8 67103704 8570303 6.9+ 0.5
B — o7’ 0.0120.05001 0.10~0.28 0.0003 3030060000 0.0155.05570.003 <0.5
B~ — KK~ 0.800903% 0.322047 0.49*0350:08 0.5150180:04 0.68 * 0.19
B~ — KK’ 0.4607703% 0.217944 0.5403070 08 0.51563,500

B’ — K"K~ 0.0800150:02 0.083*(:0¢7

B — KK 007248176 0017887

B — KR! 0707515762 02474 0452435748 0475311818

B — KK 047:43808 049243 051388 048°3008% <19
B~ — ¢m ~ 0.043° 0.032:0012 ~ 0.003 ~ 0.003 <0.24
B — ¢7° 0.0153:9375:02 0.0068* 59010 ~ 0.001 ~ 0.001 <0.28
B —pq 8.3159+08 6.7728 3.9729+04 3.3510783 6.9 = 1.0
B~ —p 5.670505 46118 0.371 5384005 0.4475:38 009 9.173%
BY— p'y 01010534604 0,133 0.047820+6% 0.147533780! <15
B — pOy’ 0.095095:97 0.105:93 0.43+23170.03 10733401 <13
B"— wn 0.852383 034 0.71763 0.915588 660 L4ZG8501 0.94763]
B’ — w1 0.592550503 0.552536 0185530603 31536703 LOTZG5
B — ¢n ~ 0.005 0.011+§462 ~ 0.0004 ~ 0.0008 <0.5
B — ¢n' ~ 0.004 0.017+g4¢8 ~ 0.0001 ~ 0.0007 <0.5

3from the preliminary Belle measurement [87]. "due to the w-¢ mixing effect.

2 ~ 3, while B(B — Kp) are too small by (15 ~ 100)%
compared with experiment. The rate deficit for penguin-
dominated decays can be accounted by the subleading
power corrections from penguin annihilation. Soft correc-
tions to a, will enhance B(B — p°#°) to the order of
1.3 X 107°, while the BABAR and Belle results, (1.4 *
0.6 +0.3) X 107 [107] and (3.0 0.5 *0.7) X 10°°
[108], respectively, differ in their central values by a factor
of 2. Improved measurements are certainly needed for this
decay mode.

A. Branching fractions
1. B— pm, om
From Table XI it is evident that the calculated B — pr,
w7 rates in QCDF are in good agreement with experiment.
The previous QCDF predictions [1] for B — p7 (except
BY — 7°p%) are too large because of the large form factor
Ag”(O) = 0.37 = 0.06 adopted in [1]. In this work we use
the updated sum rule result Ag ?(0) = 0.303 = 0.029 [25].

It appears that there is no updated pQCD calculation for
B— pmand B— w.

2' B - (p) w, ¢)77(/)
The relevant decay amplitudes are

V2A(B™ — p™m) = A, [8,u(ar + B2) + 205 + @]
+ Ar/qp[apu(al + BZ) + dfl
_ZA(BO - ,0077) = Ap‘qq[apu(QZ - 181) + 2&»{; + dg]
+ Anqp[apu(_aﬁ - Bl) + &f],
2A(B° — wn) = Awnq[ﬁpu(az + B1) +2af + af]
+ A 0l8pulay + By) + 2af + af]
V2A(B" — ¢m) = Ay,pos + \/EBmtﬁbZ + \/quﬁmbg’
(5.2)
and similar expressions for n'. It is clear that the decays
B~ — p~ 1" have rates much larger than B — p°9") as
the former receive color-allowed tree contributions, while
the color-suppressed tree amplitudes in the latter cancel

each other. Both QCDF and pQCD lead to the pattern
I'(B~ — p~7m) >T1(B~ — p~ 7). This should be tested
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by more accurate measurements. The SCET prediction of
BB~ — pn') ~0.4 X 107¢ is far too small and clearly
ruled out by experiment. Since the color-suppressed tree
amplitudes in the decay B — wn') are added together, one
should have I'(B® — wn)) > T'(B* — p°7n")). It appears
that SCET predictions for (p~, p° w)n’ [86] are at odds
with experiment. For example, solution I yields I'(B® —
wn') <T(B°— p°x’') in contradiction to the theoretical
expectation and solution II gives I'(B®— pxn/) >
I'(B~ — p~7’) in disagreement with the data.

The decays B® — ¢n) are very suppressed as their
amplitudes are governed by V,,V; (a4 — a%). For ex-
ample, we obtain B(B® — ¢n) = 10~ in the QCDF ap-
proach. Since the branching fraction of the w7 mode is of
order 107°, it appears that the ¢ meson can be produced
from the decay B® — w7 followed by w-¢ mixing. This
will be possible if ¢ is not a pure 55§ state and contains a
tiny gg component. Neglecting isospin violation and the
admixture with the p° meson, one can parametrize the w-¢
mixing in terms of an angle & such that the physical w and
¢ are related to the ideally mixed states w! = (uii +

dd)/2 and ¢! = 55 by
w\ _ [ cosé  sind (w’)
¢ —sind  cosd )\ ¢’ )
and the mixing angle is about |8| ~ 3.3° [109] (see [110]

for the latest determination of ). Therefore, the produc-
tion of ¢ 7 through w-¢ mixing is expected to be

(5.3)

B(BO - d)n)w-d; mixing — B(BO - wT])Sinza
~ (.85 X 107¢ X (0.08)?

~54x107°. (5.4)
It turns out that the w-¢ mixing effect dominates over the
short-distance contribution. By the same token, the w-¢
mixing effect should also manifest in the decay B~ —

X
B(B_ - ¢7T_)w-<b mixing — B(B_ - am'_)sinzé
~ 6.7 X 107% X (0.08)?

~ 43X 1078, (5.5)
For this decay, the short-distance contribution is only of
order 2 X 107°.

3. B— K*K, KK*

The decays B~ — K*K°, K*°K~ and B° — K*K?°,
K*OK? are governed by b — d penguin contributions and
B — K**K~, K* K" proceed only through weak anni-
hilation. Hence, the last two modes are suppressed relative
to the first four decays by 1 order of magnitude. The recent
preliminary measurement by Belle [87], B(B~ —

PHYSICAL REVIEW D 80, 114008 (2009)

K*°K™) =(0.68 = 0.16 = 0.10) X 107°, is in agreement
with the QCDF prediction (see Table XI).

4. B— K'm, pK
The relevant decay amplitudes are
A(B— pK) = A, k(a§ — r¥al + B5 + -+ ),

B _ ) (5.6)
A(B— 7K*) = A g-(a§ + r¥ af + B + -+ ).
Since the chiral factor rf is of order unity and rf* is small,

it turns out numerically a§(pK)~ —a§(7K*). For-
tunately, B5(pK) and B5(7K™) are also of opposite sign
so that penguin annihilation will contribute con-
structively. As noted before, in order to accommodate the
data, penguin annihilation should enhance the rates by
(15 ~ 100)% for pK modes and by a factor of 2 ~ 3 for
K* ones. A fit to the K*7 and Kp data including CP
asymmetries yields p,(VP) = 1.07, ¢4(VP) = —70°,
pa(PV) =087 and ¢,(PV)= —30° as shown in
Table III.

The pQCD predictions are too small for the branching
fractions of K*07r~ and K*~ 7", and too large for oK~ and
wKO.

5 B— ¢K

A direct use of the parameter set p,(PV) = 0.87 and
b4(PV) = —30° gives B(B~ — K ¢) =13 X 107°,
which is too large compared to the measured value (8.30 *
0.65) X 107® [3]. This means that penguin-annihilation
effects should be smaller for the ¢ K case. The values of
pa(K¢) and ¢4 (K @) are shown in Table III. It is interest-
ing to notice that a smaller p4 for the ¢» meson production
also occurs again in V'V decays.

6. B— K*n")

In the PP sector we learn that I'(B — K7n') > I'(B —
Km). It is the other way around in the VP sector, namely,
I'(B— K*n) > I'(B— K*7'). This is due to an addi-
tional sign difference between a4(n,K*) and a4(K*7,)
as discussed before.

The QCDF prediction for the branching fraction of B —
K*7n', of order 1.5 X 1079, is smaller compared to pQCD
and SCET. The experimental averages quoted in Table XII
are dominated by the BABAR data [89]. Belle obtained only
the upper bounds [90]: B(B~ — K* " 71/) <2.9 X 107°
and B(B~ — K*0%') < 2.6 X 107°. Therefore, although
our predictions are smaller compared to BABAR, they are
consistent with Belle. It will be of importance to measure
them to discriminate between various model predictions.

B. Direct CP asymmetries
1. ACP(K*W-) and ACP(K,D)

First of all, CP violation for K*7~ and p~ K° is ex-
pected to be very small as they are pure penguin processes
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TABLE XII.

PHYSICAL REVIEW D 80, 114008 (2009)

Branching fractions (in units of 107°) of B — VP decays induced by the b — s (AS = 1) transition. We also cite the

average of the experimental data [3,36] and theoretical results given in pQCD [55,88] and in SCET [86].

Mode QCDF (this work) pQCD SCET 1 SCET 2 Expt.
B~ — K70 6.7707+24 43739 4.2122+08 6.5719107 6.9+23
B~ — K7~ 10.471-3743 6.0128 8.5+4 7417 9.9 33%13 9.9708
B — K070 3.5%044 10 2.0%42 46723102 3.7414403 2.4 +0.7
B — K* 7t 9.271:0+37 6.0753 8.47%4718 9.5732+12 8.6°90
B~ — p°K~ 3.5%29%29 5.1%41 6.727+19 46718107 3.81708
B~ — p K° 78753173 8.714% 9.3747+17 10.1749%13 8.0713
B° — pOK° 5.4734+43 4.8%43 3.5%20+07 58721408 47 +0.7
B'— ptK~ 8.6157174 8.8168 9.8746+17 10.2738+13 8.6%97
B~ — wk~ 48744433 10.67104 51424409 5.9021108 6.7+ 0.5
BY — @K 41743133 9.8788 41131408 49712707 5.0 0.6
B~ — ¢K~ 8.8128+47 7.8733 9.7+49+18 8.6732%12 8.30 = 0.65
B — ¢K° 8.112:6+44 7.3534 9.1+46+17 8.013:9* 1] 8.3%12
B~ — K* "7 157783194 22.131938 179733133 18.6743133 193+ 1.6
B~ — K/ 1752754 6.38 £ 0.26 4.5%55%09 4.8+33+08 4.9730%
B — K*0q 15.6779154 22.317938 16.673432 16.5741+33 159+ 1.0
B — K0 15524739 3.3540% 4.11$2%09 4.0447+07 3.8+ 1.2°
This is from the BABAR data [89]. Belle obtained an upper limit 2.9 X 107° [90].

This is from the BABAR data [89]. Belle obtained an upper limit 2.6 X 10~¢ [90].

(apart from a W—annihila'tion contribution). From Table X o LY | £.ABK(0) o (K* )

we see thaF CP asymmetries for. p?K_, p" K~ ,and K*_ ot re(K*am) = | A | FoFP7(0) —af(mK*) — B5(7K")
predicted in the heavy quark limit are all wrong in signs ¢ ; 5.8)

when confronted with experiment. For the last two modes,
CP asymmetries are governed by the quantity rgy; defined
in Eq. (4.7) except that PP is replaced by VP or PV. Since
a4(pK) and a§(7K*) are of opposite sign, this means
that Acp(p™ K ™) and Acp(K*™ 7") should have different
signs. This is indeed borne out by experiment (see
Table XIV). Numerically, we have aj(pK) = 0.041 +
0.001i,  a4(pK) = ai(pK) + B5(pK) = 0.045-0.0461,
af(mK*) = —0.034 + 0.009i and a§(7K*) = —0.066 +
0.013i. Therefore, one needs the S5 terms (i.e. penguin
annihilation) to get correct signs for CP violation of above-
mentioned three modes. One can check from Egs. (4.6) and
(4.7) that A-p(p* K™) is positive, while Aqp(K*~7") is
negative.

In order to see the effects of soft corrections to a,, we
consider the following quantities

Aoy = Acp(K*™7°) — Acp(K* 7")
= 0.036f8:88§f8;82§ — 2sinyImro(K*m) + - - -,

AA/K*W = ACP(E*OWO) - ACP(I?*O’TT_)
= (—0.2370014001)% + 2 siny Imre(K*7) + - - -,

(5.7)

defined in analogy to AAg,, and AA% . with

The first terms on the right-hand side of Eq. (5.7) come
from the interference between QCD and electroweak pen-
guins. We will not consider similar quantities for Kp
modes as the first term there will become large. In other
words, as far as CP violation is concerned, K*7 mimics
K7 more than Kp. We obtain Imrq(K*7) = —0.057 and
Imro(Kp) =0.023 and  predict that AAg, =
(13.7729%38)% and AAL. = (—11.1717+21)%, while it
is naively expected that K*~77° and K*~ 7" have similar
CP-violating effects. It will be very important to measure
CP asymmetries of these two modes to test our prediction.
It is clear from Eqgs. (4.6) and (5.7) [see also Tables IV and
X] that CP asymmetries of K*07° and K°7 are of order
—0.10 and arise dominantly from soft corrections to a,. As
for Acp(K°p%), it is predicted to be = 0.09 ( = —0.05)
with (without) soft corrections to a, (cf. Table X).

Power corrections to the color-suppressed tree ampli-
tude is needed to improve the prediction for Aqp(K*°n).
The current experimental measurement Acp(K*0n) =
0.19 £0.05 is in better agreement with QCDF than
pQCD and SCET.

In the pQCD approach, the predictions for some of the
VP modes, eg Acp(K* @), Acp(p’K”) and
Acp(ptK™) are very large, above 50%. This is because
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QCD penguin contributions in these modes are small, and
direct CP violation arises from the interference between
tree and annihilation diagrams. The strong phase comes
mainly from the annihilation diagram in this approach. On
the other hand, the predicted A p(K*n) is too small. So far
the pQCD results for Aqp(K*n")) are quoted from [55]
where m,, = 0.22 GeV is used. Since the pQCD study of
B — Kn) has been carried to the (partial) NLO and a
drastic different prediction for A-p(K~7) has been found,
it will be crucial to generalize the NLO calculation to the
K*n") sector.

We would like to point out the CP violation of B —
wKP. It is clear from Table X that power correction on a,
will flip the sign of A-p(wK?) to a negative one. The pQCD
estimate is similar to the QCDF one. At first sight, it seems
that QCDF and pQCD predictions are ruled out by the data
Acp(wK®) = 0.032 = 0.017. However, the BABAR and
Belle measurements 0.527033 = 0.03 [91] and —0.09 =+
0.29 = 0.06 [92], respectively, are opposite in sign. Hence,
we need to await more accurate experimental studies to test
theory predictions.

As for the approach of SCET, the predicted CP asym-
metries for the neutral modes K*°7°, p°K°, wK°, and
K*®n have signs opposite to QCDF and pQCD.
Especially, the predicted A-p(K*'n) is already ruled out
by experiment.

PHYSICAL REVIEW D 80, 114008 (2009)

2. Acp(pm)

The decay amplitudes of B — p= 7™ are given by
AB— p~7t) = A[6,,0, + af + B +---] 5.9)
AB— ptm) = A8 0y +af + B+ -] .

Since the penguin contribution is small compared to the
tree one, its CP asymmetry is approximately given by

Acp(p~7") = 2siny Imr

v (5.10)
Acplp™7™) = 2sinyImr,,,
with
L |Ac(d) ag(mp) + B5(mp)
P /\ (d) a7
ud | 1 P)- (5.11)
- IAC“ as(pm) + Bs(pm)
S DT a(pm) '

We obtain the values Imr,, =0.037 and Imr,, =
—0.134. Therefore, CP asymmetries for p™7~ and
p~ 7" are opposite in signs, and the former is much bigger
than the latter. We see from Table XIII that the predicted
signs for CP violation of p*#7~ and p~ 7" agree with
experiment. The B~ — p°7~ decay amplitude reads

TABLE XIII. Same as Table XI except for direct CP asymmetries involving b — d (AS = 0) transitions.

Mode QCDF (this work) pQCD SCET 1 SCET 2 Expt.
B —p 9.7: 315555 0~20 15.5%163718 12.3535597, 2+11
B~ — p'm —9.87 344103 —20~0 —10.8%131409 —19.27 133119 1849,
B — pta —22.7299*82 —9.9*173+09 12471761 —-18+12
B"— p ot 44703128 11.8%303+ 1 10.8%351507, 11+6
B — pOa® 11.0739+2332 ~75~0 —0.63143701 —3.5°354703 -30 * 38
B~ — wm —13.2733+139 ~0 0.5%13600 231133103 —4+6
B’ — w7’ —17.053347 %55 —20~75 94754005 395143,

B™— KK~ —8.97}13] —6.953855503 60 —3.6783704 —44T51T03

B~ — K"K —7.8231 00 6.5573514597155 — 1513850 —1.253750

B — K"K~ —4.701497

B"— KKV 55403479

BY— KR —13.5%16+14 —3.6181%04 —4.4741+03

B = KK -350 1514 -5 -2t

B™ — ¢ 0 —8.0799%43

B — ¢ 0 —6.3107+33

B"—pn —8.5504783 LOZ56503 5070 —6.67313709 —9.1518870% =11
B~ —p 7 L4Z9359 —25.0555 56700 g —19.87553731 —2L7535 428
B = o 862533104 SECHIETITG  —aeTaiR 3y

B = o 53555008 STTHERIGL ST 220

B = wn —A T 35S So4TRINY o

B° = wn/ —41453300 16.0265733733755 —43.053355% —27.25353733

B'— ¢n 0 0

B*— ¢n' 0 0

114008-22



REVISITING CHARMLESS HADRONIC B, ; DECAYS ...

TABLE XIV. Same as Table XII except for direct CP asymmetries (in %) involving AS = 1 processes.

PHYSICAL REVIEW D 80, 114008 (2009)

Mode QCDF (this work) pQCD SCET 1 SCET 2 Expt.
B~ — K" L6537 10 —32%3} —17.8%303+33 —12.9%139+0% 429
B~ — K7 0.4113%43 -1} 0 0 -38+42
BY— K070 —10.8*38+21 —1177 5013103 54145004 -15+12
B'— Kot —12.1793* 28 —60733 —11.27129+13 —12.24114408 —-18+38
B~ — p°K~ 45471384319 71433 9.21133107 16.07393413 37+ 11
B~ —p K° 0.370303 1=1 0 0 -12%17
B — p°K° 8.7+13+8% 7+ —6.673L57%8 —3.5%48403 6 =20
B —p k- 319111371 64734 ARSI E 9.6:130%07 156
B~ — wK~ 2217131040 KPARH 116738371 12.3*7]64708 2*5
B’ — wKk® —4.7%18+33 -32 5.2189%0¢ 3.8733103 32+ 17
B~ — ¢K~ 0.6 01701 110 0 0 -1+6
B — ¢K° 0.9192+02 3*] 0 0 23+ 15
B~ — K7 —9.7%39+42 —24.57+072 —2.6734+03 — 19734101 2+6
B~ — K" 65.5°191+343 4607118 27134704 261387792 303
B — K™y 3.550427 0.57 = 0.011 — 11723401 —0.75}3+01 19+5
BY — K*0q/ 6.870%71L332 —1.30 + 0.08 9.6550513 9.9743+03 8 +25

*Note that the measurements of 527

A(B_ - ,0077_) = Apﬂ'[apual + aéll) + Bg]

+ A#p[apuaZ -

ay = B3l

(5.12)

3 by BABAR [91] and —9 = 29 = 6 by Belle [92] are of opposite sign.

the first square bracket on the right-hand side and obtain a
negative Acp(p°7 ). By the same token, Aqp(p~ 7°) is

predicted to be positive.

CP violation of B — p°7" is predicted to be of order
0.11 by QCDF and negative by pQCD and SCET. The

As far as the sign is concerned, it suffices to keep terms in

TABLE XV. Mixing-induced CP violation S in B — VP decays predicted in various approaches. The pQCD results are taken from
[83,88]. There are two solutions with SCET predictions [86]. The parameter n, = 1 except for (¢, p, @)Kg modes where 1, = —1.
Experimental results from BABAR (first entry) and Belle (second entry) are listed whenever available. The input values of sin2 8 used
at the time of theoretical calculations which are needed for the calculation of AS are displayed.

Decay QCDF (this work) pQCD SCET Expt. [94,95,113-118] Average
sin28 0.670 0.687 0.687
e 0.6927 9903 +0.002 0.71 = 0.01 0.69 0.26 =+ 0.23 21; 0.03 0.447517
0.69 0.6770%
wKg 0.8470-05+0.04 0.841003 0.517905+0:02 0.55+93¢ + 0.02 0.45 + 0.24
0.807 003001 0.11 +0.46 + 0.07
p K 0.50*097 0.9 0.50+010 0.85+004+0.01 0.35+026 + 0,06 + 0.03 0.54+018
0.561 0031001 0.647512 = 0.09 = 0.10
pla® —0.24751319%9 =0 113147019 0.04 * 0.44 * 0.18 0.12 +0.38
=0.1970137019 0.17 = 0.57 = 0.35
w° 0.78+0.14+020 —(.87+0-44+0.02
0.20—1.39 0.72+?%§0+8-(21j¥01
P’ 0.515567503 0.23%5% 0.862553 007
0.296357015
p'n' 0.802045 7033 —0.49253) 0.7970785003
038053 81
wn —0.16*0 134017 0.39%031 0.12+02050:19
- | —01673 141G S
wn’ —0.28701301$ 0.770% 0.23X0305010
’ o ’ -0 27+'0A17+'0A()9
*=7-0.33-0.14
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TABLE XVL
included for comparison.

PHYSICAL REVIEW D 80, 114008 (2009)

Same as Table XV except for AS, for penguin-dominated modes. The QCDF results obtained by Beneke [101] are

QCDF (this work)

Decay With p¢, ¢¢ W/o pc QCDF (Beneke) pQCD SCET Expt. Average
HKs 0.02245:004 0.02275:904 0.02+201 0.02 + 0.01 ~0 —-0.43 £ 0.26 —0.25311
' ' ' ~0 0.02+022 '
wKg 0.17%008 0.13%908 0.13%008 0.150%3 —0.1870%  —0.43 £0.26 —0.147938
0.11%9%2 0.0270%
e —-0.17+2% —0.1150%7 —0.08+2% —0.1970:30 0.1675:9¢ —-0.3410%7 —-0.10 = 0.17

—0.135% —0.05793

current data are 0.10 = 0.40 = 0.53 by BABAR [111] and
—0.49 = 0.36 = 0.28 by Belle [112]. It is of interest to
notice that QCDF and pQCD predictions for CP asymme-
tries of B — (p, w)n") are opposite in signs.

C. Mixing-induced CP asymmetries

Mixing-induced CP asymmetries S, and AS; of B —
VP in various approaches are listed in Tables XV and X VI,
respectively. Just as the n'Kg mode, ¢Kj is also theoreti-
cally very clean as it is a pure penguin process. Although
the prediction of Sk, ~ 0.69 has some deviation from the
world average of 0.4470:{7, it does agree with one of the
B-factory measurements, namely, 0.677033 by Belle [95].
In short, it appears that the theoretical predictions of S for
several penguin-dominated B — PP, VP decays deviate
from the world averages and hence may indicate some new
physics effects. However, if we look at the individual
measurement made by BABAR or Belle, the theory predic-
tion actually agrees with one of the measurements. Hence,
in order to uncover new physics effects through the time
evolution of CP violation, we certainly need more accurate
measurements of time-dependent CP violation and better
theoretical estimates of Sy. This poses a great challenge to
both theorists and experimentalists.

The ratio of A*/A¢ for the penguin-dominated decays
(¢, w, p°)K has the expressions [101]

AM

Al [P [—(af+ryad)]
AC

oks  [—P°] [—(aj—l—rxag)]’

A" _[PI+[C] [(af —r¥ag)]+[a5R k]
A kg [P] [(a§ — r¥ag)] '
Al IPT-C] [(ah— rSap] - [a4R k]
ol R [a5—rFap] O

As discussed before, the quantity (a§ — riag) in above
equations is positive and has a magnitude similar to |a§].
Since a, is larger than —ag, AS/ is positive for wKg but
negative for p°K and both have large magnitude due to
the small denominator of AS ;. From Table XVI we see that
AS,k, = 0(0.17), while AS ox = O(—0.17). Effects of

soft corrections on them are sizable. For example, AS o
is shifted from = —0.11 to = —0.17 in the presence of
power corrections. This explains why our prediction of
AS 20K is substantially different from the Beneke’s esti-
mate [101] and our previous calculation [100].

For tree-dominated decays, so far there is only one
measurement, namely, S0 with a sign opposite to the
theoretical predictions of QCDF and SCET.

1. Time-dependent CP violation of the p™~ 7w systems
The study of CP violation for B — p* 7~ and p~ 7"
becomes more complicated as p* 7" are not CP eigen-
states. The time-dependent CP asymmetries are given by
_TB ()= p=7™) —T(B (1) = p~77)
- T(B%t)— p*m™) + T(B1) — p=m™)
= (S = AS)sin(Amt) — (C = AC) cos(Amt),
(5.14)

A (1)

where Am is the mass difference of the two neutral B°
eigenstates, S is referred to as mixing-induced CP asym-
metry, and C is the direct CP asymmetry, while AS and AC
are CP-conserving quantities. Defining

A =AB— pta),
A, =AB = p~7"),

A =AB— p-7"),
A =AB = pta),

(5.15)
and
Ai_ A_
P =@;’ . =q_3_+, (5.16)
P As- P A+
with gz/pp = e %P, we have
1— A _J? A, 2= A _|?
AR o O S O
L+ AP AP+ A ]
P s p-ta e O
C—AC= =
L+ A7 A P+ A_L]
and
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TABLE XVIIL.
are taken from [111,112] and the world average from [3].

PHYSICAL REVIEW D 80, 114008 (2009)

Various CP-violating parameters in the decays B® — p~ 7. SCET results are quoted from [86]. Experimental results

Parameter QCDF (this work) SCET 1 SCET 2 Expt.
A,r —0.112500+0.07 —0.12+004+0:04 —0.217003+0.02 —0.13 £ 0.04
C 0.090000:07 —0.0123- 3000 0.012%06:00 0.01 = 0.07
S —0.043010:69 —0. 117507098 —0.0170:06+09% 0.01 = 0.09
AC 0.261005+0:03 0.117312+0.01 0.127090 7001 0.37 = 0.08
AS —0.02500040.03 —0.470085 00 0.437005+0.03 —0.04 £0.10
2ImA, 2Im(e*BA,_A% ) displayed in Table XVII. The CP-violating quantity
S+AS= 1+ (A, |2 = A, P+14A, >~ A, with the experimental value —0.13 * 0.04 is differ-
o ;7 o N 2B 7 +; (5.18)  ent from zero by 3.30 deviations. The QCDF prediction is
g A= _MA-+ m(e*PA_4A%,) in good agreement with experiment.

T+ P A PHIA P

Hence, we see that AS describes the strong phase differ-
ence between the amplitudes contributing to B — p= 7+,
and AC measures the asymmetry between I'(B®—
p )+ T(B—> p wt)and'(B® — p~7") + I'(B* —
pra).

Next consider the time- and flavor-integrated charge
asymmetry

_ |A+—|2 + |A+—|2 - |A—+|2 - |A_—+|2

A = _ .
T AP HIAL P +HIA P+ AR

(5.19)

Then, following [31] one can transform the experimentally
motivated CP parameters A, and C,, into the physi-
cally motivated choices

| ]P =1
[ 2+ 17
" ? =1

Acplp™m™) =
(5.20)

Acplp~7™) =
with

xt- =48 Ay

Y-
pp AL

L —

(5.21)

Hence,

IFB°— p*t7m ) —T(B— p~7")
FB— p™7m )+ T'(B°— p 7")
A, —Cpr— A, AC,,

1 - ACPW - ./’leﬂ.Cpﬂ. ’
IFB°—p 7")—T(B—> pT7)
IFB°—p 7)) +T(B— pT7)
A+ Cor+ ALAC,,

1+AC,,+ A,,C,,

Acplp™m™) =

Acplp~m™) =

(5.22)

Therefore, direct CP asymmetries Acp(p*7~) and
Acp(p~ ") are determined from the above two equations
and shown in Tables X and XIII. Results for various
CP-violating parameters in the decays B® — p~7* are

VI. B— VV DECAYS

A. Branching fractions

In two-body decays B, ; — PP, VP, VV, we have the
pattern VV > PV > VP > PP for the branching fractions
of tree-dominated modes and PP > PV ~ VV > VP for
penguin-dominated ones, where B — VP(PV) here means
that the factorizable amplitude is given by (V(P)|J,,|B) X
(P(V)|J#0). For example,

BB~ —p p°)>BB —p )
> BB — p’m)> BB — 7 7,
BB~ — K'77)>BB — K%77)~ BB — K*%")
> BB~ — K%"), 6.1)

for tree- and penguin-dominated B~ decays, respectively.
The first hierarchy is due to the pattern of decay constants
fv > fp and the second hierarchy stems from the fact that
the penguin amplitudes are proportional to a4 + r)};a(,,
ay + ryag, as — rhag a, + ryae, respectively, for B —
PP, PV, VP, VV. Recall that r¥ ~ O(1) > r}. There are
a few exceptions to the above hierarchy patterns. For
example, B(B? — p°p°) < B(B® — #°7°) is observed.
This is ascribed to the fact that the latter receives a large
soft correction to a,, while the former does not.

There exist three QCDF calculations of B— VV
[21,22,24]. However, only the longitudinal polarization
states of B — V'V were considered in [22]. The analyses
in [21,24] differ mainly in (i) the values of the parameters
p4 and ¢, and (ii) the treatment of penguin-annihilation
contributions characterized by the parameters (3; [see
Eq. (2.10)] for penguin-dominated V'V modes. Beneke,
Rohrer, and Yang (BRY) applied the values p4(K*¢) =
0.6 and ¢ ,(K* ¢p) = —40° obtained from a fit to the data of
B — K*¢ to study other B — VV decays. However, as
pointed out in [24], the parameters p,(K*p) =~ 0.78 and
dA(K'p) = —43° fit to the data of B — K*p decays are
slightly different from the ones p,(K*¢) and ¢4 (K* ).
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TABLE XVIII.

annihilation parameters are specified to be p, = 0.78 and ¢, =

PHYSICAL REVIEW D 80, 114008 (2009)

CP-averaged branching fractions (in units of 10~°) and polarization fractions for B — VV decays. For QCDF, the
—43° for K*p, K*K* and p4 = 0.65 and ¢4, = —53° for K*¢ and

K*w by default. The world averages of experimental results are taken from [3]. The pQCD results are taken from [119-122]. There are
two distinct pQCD predictions for the branching fractions and longitudinal polarization fractions of B — K*(p, ¢, ) decays,
depending on the type of wave functions. Numbers in parentheses are for asymptotic wave functions. Estimates of uncertainties

are not available in many of pQCD predictions.

B Ji
Decay QCDF pQCD Expt. QCDF pQCD Expt.
B —pp° 20.0519459 16.07 %0 24.0%13 0.96-001 20,03 0.950 + 0.016
B"—p*p- 255155505 25.355%° 24.273) 0.92556, 76 0.97825:53
B — p%p" 0.9%53 53 0.92%55¢" 0.73%53 0.9275:6376%9 0.78 0.755513
B~ —p o 16.9532%17 19+2=+1 159 = 2.1 0.960:0175:02 0.97 0.90 = 0.06
B'— plw 0.08* 003038 1.9+0.2+0.2 <15 0.521211+0.50 0.87
B’ — ww 0.7:93+07 1.2*02=*02 <4.0 0.94709105% 0.82
B~ — KK*~ 0.601703 0.4870.12 1.2%05 0.4570:0203%; 0.82 0.75538
B — K K** 0.1790 01 0.06412-0% <2.0 ~1 0.99
B — KK 0.69103 0.3570.43 1.284037° 0.5270:03* 048 0.78 0.807%12
B~ — K®p=¢ 9.271213¢ 17(13) 9.2+ 1.5 0.481003+0.2 0.82(0.76) 0.48 * 0.08
B~ — K" p° 5540613 9.0 (6.4) <6.1 0.6770:03 034 0.85 (0.78) 0.96+9.06d
B> K" p* 8.971 148 13 (9.8) <12 0.5370:0370% 0.78 (0.71)
B — K*0p0 46708732 5.9 4.7) 34+ 1.0 0.3915:901 00 0.74 (0.68) 0.57 =0.12
B~ — K" ¢* 10.07}-47 123 f 10.0 = 1.1 0.4979047021 f 0.50 = 0.05
BY— K¢ 9.57 137 1LY f 9.8 +0.7 0.507904+031 f 0.480 * 0.030
B~ — K" w 3.05047%3 79 (5.5) <74 0.671003+033 0.81(0.73) 0.41 +0.19
B’ — K0 254043 9.6 (6.6) 2.0+0.5 0.58 0%+ 04 0.82(0.74) 0.70 = 0.13

“There exist several pQCD calculations for pp modes [120,122,123]. Here, we cite the NLO results from [122].
This is from the BABAR data [124]. The Belle’s new measurement yields (0.3 + 0.3 = 0.1) X 107¢ [87].

“This mode is employed as an input for extracting the parameters p, and ¢, for B— K*p decays.

94A recent BABAR measurement gives £, (K*~ p®) = 0.9 = 0.2 [125], but it has only 2.5¢ significance.

°This mode is employed as an input for extracting the parameters p, and ¢, for B — K*¢ decays.

fSee footnote © in Sec. VIB.

Indeed, we have noticed before that phenomenologically
penguin annihilation should contribute less to ¢ K than pK
and 7K*. This explains why the K*p branching fractions
obtained by BRY are systematically below the measure-
ments. Second, as noticed in [24], there are sign errors in
the expressions of the annihilation terms Ag’o and A%’
obtained by BRY. As a consequence, BRY claimed
(wrongly) that the longitudinal penguin-annihilation am-
plitude BY is strongly suppressed, while the B; term
receives a sizable penguin-annihilation contribution. This
will affect the decay rates and longitudinal polarization
fractions in some of B — K*p modes, as discussed in
details in [24].

In Table XVIII, QCDF results are taken from [24] except
that (i) a new channel B’ — ww is added, and
(ii) branching fractions and f; for B — (p, K*)w decays
are updated.” We see that the overall agreement between

>The B — w transition form factors were mistakenly treated to
be the same as that of B — p ones in the computer code of [24].
Here, we use the light-cone sum rule results from [32] for B —
o form factors.

QCDF and experiment is excellent. In QCDF, the decay
BY — wp" has a very small rate

—2A(B° — wp®) = A,ul6,,(ay — By) + 245 + @f]
+ Awp[épu(—az - Bl) + &f{], (62)

due to a near cancellation of the color-suppressed tree
amplitudes. In view of this, it seems rather peculiar that
the rate of B — p’w predicted by pQCD [120] is larger
than QCDF by a factor of 20 and exceeds the current
experimental upper bound. Likewise, B(B~ — K*'p~)
obtained by pQCD is slightly too large.

We notice that the calculated B — p°p° rate in QCDF
is B(B® — p°p°) = (0.887 (197 395) X 107 for pc =0
[24], while BABAR and Belle obtained (0.92 + 0.32 *+
0.14) X 107 [126] and (0.4 = 0.4792) X 107° [127], re-
spectively. Therefore, soft corrections to a,, i.e. pc(VV)
should be very small for B — p®p®. Consequently, a
pattern follows: Power corrections to a, are large for PP
modes, moderate for VP ones, and very small for VV
cases. This is consistent with the observation made in [9]
that soft power correction dominance is much larger for PP
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than VP and V'V final states. It has been argued that this has
to do with the special nature of the pion, which is a ¢g
bound state on the one hand and a nearly massless Nambu-
Goldstone boson on the other hand [9]. The two seemingly
distinct pictures of the pion can be reconciled by consid-
ering a soft cloud of higher Fock states surrounding the
bound valence quarks. From the FSI point of view, since
B — p*p~ has a rate much larger than B — 77, it is
natural to expect that B — 777 receives a large enhance-
ment from the weak decay B — p*p~ followed by the
rescattering of p™ p~ to 77 through the exchange of the
p particle. Likewise, it is anticipated that B — p°p° will
receive a large enhancement via isospin final-state inter-
actions from B — p*p~. The fact that the branching
fraction of this mode is rather small and is consistent
with the theory prediction implies that the isospin phase
difference of 6 and 6 and the final-state interaction must
be negligible [128].

Both B’ — K*K** and B~ — K*K*~ are b—d
penguin-dominated decays, while B — K*~ K** proceeds
only through weak annihilation. Hence, their branching
ratios are expected to be small, of order = 107°.
However, the predicted rates for K**K*0 and K*°K*~
modes are slightly smaller than the data. Note that a new
Belle measurement of B(B° — K*0K*0) = (0.3 = 0.3 =
0.1) X 107 < 0.8 X 107 [87] is smaller than the
BABAR result B(B° — K*°K*) = (1.287337) X 1076
[124]. Hence, the experimental issue with B — K*K* de-
cays needs to be resolved.

B. Polarization fractions

For charmless B — VV decays, it is naively expected
that the helicity amplitudes A 5 (helicities h = 0, —, +)
for both tree- and penguin-dominated B — VV decays
respect the hierarchy pattern

A, A A, =1 (m): (@)2.

my my

(6.3)

Hence, they are dominated by the longitudinal polarization
states and satisfy the scaling law, namely, [129],

fr=1- 1, = o(™%)

B

J}t — 1+ (9(2) (6.4)

with f;, f1, f), and fr being the longitudinal, perpen-
dicular, parallel and transverse polarization fractions, re-
spectively, defined as

; _ Lo _ | A2
“r |f40|2+|f4”|2+|ﬁll|2’

(6.5)

with @« = L, ||, L. In sharp contrast to the pp case, the
large fraction of transverse polarization of order 0.5 ob-
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served in B — K*¢ and B — K*p decays at B factories is
thus a surprise and poses an interesting challenge for any
theoretical interpretation. Therefore, in order to obtain a
large transverse polarization in B — K* ¢, K*p, this scal-
ing law must be circumvented in one way or another.
Various mechanisms such as sizable penguin-induced an-
nihilation contributions [129], final-state interactions
[43,130], form-factor tuning [131] and new physics
[132-135] have been proposed for solving the B — VV
polarization puzzle.

As pointed out by Yang and one of us (H. Y.C.) [24], in
the presence of NLO nonfactorizable corrections, e.g. ver-
tex, penguin and hard spectator-scattering contributions,
effective Wilson coefficients a are helicity dependent.
Although the factorizable helicity amplitudes X°, X~,
and X" defined by Eq. (2.4) respect the scaling law (6.3)
with Agcp/my, replaced by 2my /my for the light vector
meson production, one needs to consider the effects of
helicity-dependent Wilson coefficients: A~/ A" =
fla;)X ™ /Lf(@)X°]. For some penguin-dominated modes,
the constructive (destructive) interference in the negative-
helicity (longitudinal-helicity) amplitude of the B — VV
decay will render f(a;) > f(aV) so that A~ is compa-
rable to A° and the transverse polarization is enhanced.
For example, f, (K**p®) ~ 0.91 is predicted in the absence
of NLO corrections. When NLO effects are turned on, their
corrections on a; will render the negative-helicity ampli-
tude A~ (B° — K*°p%) comparable to the longitudinal
one A°%B° — K*9pP) so that even at the short-distance
level, f, for B — K*0p° can be as low as 50%. However,
this does not mean that the polarization anomaly is re-
solved. This is because the calculations based on naive
factorization often predict too small rates for penguin-
dominated B — VV decays, e.g. B— K*¢ and B—
K*p, by a factor of 2 ~ 3. Obviously, it does not make
sense to compare theory with experiment for f;  as the
definition of polarization fractions depends on the partial
rate and hence the prediction can be easily off by a factor of
2 ~ 3. Thus, the first important task is to have some
mechanism to bring up the rates. While the QCD factori-
zation and pQCD [136] approaches rely on penguin anni-
hilation, soft-collinear effective theory invokes charming
penguin [17] and the final-state interaction model consid-
ers final-state rescattering of intermediate charm states
[43,130,137]. A nice feature of the (S — P)(S + P) pen-
guin annihilation is that it contributes to A° and A~ with
similar amount. This together with the NLO corrections
will lead to f; ~ 0.5 for penguin-dominated V'V modes.
Hence, within the framework of QCDF we shall assume
weak annihilation to account for the discrepancy between
theory and experiment, and fit the existing data of branch-
ing fractions and f; simultaneously by adjusting the pa-
rameters p, and ¢ ,.

For the longitudinal fractions in B — K*p decays, we
have the pattern (see also [21])
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FLE ™ p%) > fL(K*p*) > fL(K*p7) > fL(K™p°).
(6.6)

Note that the quoted experimental value f;(K*™ p°) =
0.96709¢ in Table XVIII was obtained by BABAR in a
previous measurement where K*~p® and K*~ f,(980)
were not separated [138]. This has been overcome in a
recent BABAR measurement, but the resultant value
fL(K*"p%) = 0.9 + 0.2 has only 2.5 significance [125].
At any rate, it would be important to have a refined
measurement of the longitudinal polarization fraction for
K*~ p® and K*°p° and a new measurement of f; (K* p*)
to test the hierarchy pattern (6.6).

In the QCDF approach, we expect that the b — d
penguin-dominated modes K**K*~ and K*°K*0 have f;, ~
1/2 similar to the AS = 1 penguin-dominated channels.
However, the data seem to prefer to f; ~ 0(0.75-0.80).
Because of the near cancellation of the color-suppressed
tree amplitudes, the decay B — wp® is actually domi-
nated by b — d penguin transitions. Hence, it is expected
that f; (p°w) ~ 0.52. It will be interesting to measure f;
for this mode.

For AS = 1 penguin-dominated modes, the pQCD ap-
proach predicts f; ~ 0.70-0.80.°

C. Direct CP asymmetries

Direct CP asymmetries of B — VV decays are dis-
played in Table XIX. They are small for color-allowed
tree-dominated processes and large for penguin-dominated
decays. Direct CP violation is very small for the pure
penguin processes K**p~ and K*¢.

D. Time-dependent CP violation

In principle, one can study time-dependent CP asym-
metries for each helicity component,

L(B°(t) — V,,V;,) —T(B°(1) = V,,V,,)
L'(B%(r) — v, V) + T(B%(t) = V}, V)
= S, sin(Amt) — C), cos(Amr).

A () =

6.7)

Time-dependent CP violation has been measured for the
longitudinally polarized components of B — p*p~ and
p°p? with the results [140,141]:

®Early pQCD calculations of B — K*¢ tend to give a large
branching fraction of order 15X 107° and the polarization
fraction f; ~0.75 [136,139]. Two possible remedies have
been considered: a small form factor ASX"(0) = 0.32 [131] and
a proper choice of the hard scale A in B decays [123]. As shown
in [123], the branching fraction of B® — K*'¢ becomes 8.9 X
107% and f;, ~0.63 for A = 1.3 GeV.
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TABLE XIX. Direct CP asymmetries (in %) of B — VV de-
cays. The pQCD results are taken from [120] for pp, pw, K*K*.
CP asymmetries of K*p and K*w in the pQCD approach are
shown in Fig. 4 of [119] as a function of 7y and only the signs of
Acp(K*p) and Aqp(K*w) are displayed here. Note that the
definition of A-p in [119] has a sign opposite to the usual
convention.

Decay QCDF (this work) pQCD Expt. [3]
B —p p° 0.06 0 —=5.1%54
B'— ptp —4+043 -7 6=13
B0 — p0p0 30f17+a 80
B~ —p o —-8+1%3 -23x7 —20%9
B — plw 320
B'— ww —30*13718
B~ — K*K*~ 16+1*17 -15
B — K*"K** 0 —65
BY — K*K*0 — 1471+ 0
B~ — K*p~ —-0.379+2 + -1=x16
B~ — K* " p° 437813 + 2033
B> K p* 32%142, +
B — K*0p° —1574+18 - 9+ 19
B~ — K¢ 0.05 1+38
B — K¢ 0.879+0¢ 1+5
B~ — K" w 56734, + 29 + 35
B’ — K 237203 + 45 =25
SPTPT = —005+0.17,  C!P =—0.06%0.13,
0,0 0,0
7P =-03+07*02 Cr” =02x08=*03.
(6.8)
In the QCDF approach we obtain
Blptp ), = 24751813y X 1076,
ptpT +0.01+0.09
SL - 0'1970.0070.10’
- 0.01+0.11
Cﬁ "= 0.11f0_01f0404, (6.9)

B(p°p®), = (0.675358) x 1076,
517 = 0164008
Ci7" = ~0S3 4R
As pointed out in [1], since [see Eq. (33) of [21] and
Eq. (106) of [1]]

Sp°P = sin2a + 2rp cosd,p siny cos2a + O(r3),
(6.10)

with P = |T|rp cosdp and o = 7 — B — vy, the measure-
ment of S{” ~ can be used to fix the angle y with good
accuracy. For the QCDF predictions in Eq. (6.9) we have
used B = (21.6%29)° and y = (67.8%42)° [31].
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VII. CONCLUSION AND DISCUSSION

We have reexamined the branching fractions and
CP-violating asymmetries of charmless B — PP, VP,
VV decays in the framework of QCD factorization. We
have included subleading 1/m, power corrections to the
penguin-annihilation topology and to color-suppressed tree
amplitudes that are crucial for explaining the decay rates of
penguin-dominated decays, color-suppressed tree-
dominated 7°7°, p°7° modes and the measured CP asym-
metries in the B, 4 sectors. A solution to the AAg, puzzle
requires a large complex color-suppressed tree amplitude
and/or a large complex electroweak penguin. These two
possibilities can be discriminated in tree-dominated B
decays. The CP puzzles with 7~ 7, 7°7° and the rate
deficit problems with 7°7°, p°7% can only be resolved
by having a large complex color-suppressed tree topology
C. While the new physics solution to the B— K7 CP
puzzle is interesting, it is irrelevant for tree-dominated
decays.

The main results of the present paper are

(1) Branching fractions: The observed abnormally large
rates of B— Kmn' decays are naturally explained
in QCDF without invoking additional contributions,
such as flavor-singlet terms. It is important to
have more accurate measurements of B — 75") to
confirm the pattern B(B~ — 7 7') > B(B’ —
77.07’/)'

(i1)) The observed large rates of the color-suppressed
tree-dominated decays B — 7979, p°#° can be
accommodated due to the enhancement of
la,(77)| ~ ©(0.6) and |a,(mp)| ~ O(0.4).

(iii) The decays B — ¢n and B~ — ¢~ are domi-
nated by the w-¢ mixing effect. They proceed
through the weak decays B° — w7 and B~ —
o™, respectively, followed by w-¢ mixing.

(iv) QCDF predictions for charmless B — V'V rates are
in excellent agreement with experiment.

Direct CP asymmetries

(1) In the heavy quark limit, the predicted CP asymme-
tries for the penguin-dominated modes K~ 7",
K7, K p", K p° and tree-dominated modes
't , pT ™ [with Acp defined in Eq. (5.19)] and
p~m" are wrong in signs when confronted with
experiment. Their signs can be flipped into the right
direction by the power corrections from penguin
annihilation.

(2) On the contrary, the decays K~ 7, K™ n, K*n,
7’7, and 7~ 7n get wrong signs for their direct
CP violation when penguin annihilation is turned
on. These CP puzzles can be resolved by having soft
corrections to the color-suppressed tree coefficient
a, so that a, is large and complex.

(3) The smallness of the CP asymmetry in B~ — 7~ 77"
is not affected by the soft corrections under consid-
eration. This is different from the topological quark-
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diagram approach where the color-suppressed tree
topology is also large and complex, but Ap(7~ 7°)
is predicted to be of order a few percent.

If the color-suppressed tree and electroweak pen-
guin amplitudes are negligible compared to QCD
penguins, CP asymmetry differences of K~ 7° and
K 7", K% and K7, K* #° and K 7",

K%7% and K7~ will be expected to be
small.  Defining  AAge, = Acp(K¥ ™ 70) —
ACP(K(*)77T+) and AA;((*)W_ = ACP(K(*)OWO) -

Acp(K¥077), we found AAg, = (12.3739)%,
iﬁ%’f =_(—11.0i+g;9‘7*3)%, Adgr = (13.7%48)% and
e = (= 11.17¢5)%, while they are very small
(less than 2%) in the absence of power corrections to
the topological amplitude ¢’. Experimentally, it will
be important to measure the last three CP asymme-
try differences.
For both B° — K°7° and B — K*97¥ decays, their
CP asymmetries are predicted to be of order —0.10
(less than 1%) in the presence (absence) of power
corrections to a,. The relation AAj, =~ —AAg,
and the smallness of A p(K°7~) give a model-
independent statement that A-p(K°7) is roughly
of order —0.15. Hence, an observation of
Acp(K°7%) at the level of —(0.10 ~0.15) will
give a strong support for the presence of soft cor-
rections to ¢’. It is also in agreement with the value
inferred from the CP-asymmetry sum rule, or SU(3)
relation or the diagrammatical approach. For B —
K°p°, we obtained Acp(K°p®) = 0.0877 2088
Power corrections to the color-suppressed tree
amplitude is needed to improve the prediction
for Acp(K*®7). The current measurement
Acp(K*n) = 0.19 = 0.05 is in better agreement
with QCDF than pQCD and SCET.
There are 6 modes in which direct CP asymmetries
have been measured with significance above 3o
K@, wta~, K n, K%, K p° and p*7™.
There are also 7 channels with significance between
3.00 and 1.8¢ for CP violation: p*K~, K* 7™,
K 7% 7 7, oK’ 7°7° and p~7*. We have
shown in this work that the QCDF predictions of
Acp for aforementioned 13 decays are in agreement
with experiment except the decay B — wK°. The
QCDEF prediction Acp(wK®) = —0.0477308 is not
consistent with the experimental average, 0.32 =
0.17. However, we notice that BABAR and Belle
measurements of Aqp(wK?) are of opposite sign.

Mixing-induced CP asymmetries

(a)

(b)

The decay modes n'Kg and ¢ K appear theoreti-
cally very clean in QCDF; for these modes the
central value of AS, as well as the uncertainties
are rather small.

The QCDF approach predicts ASﬂ.OKS ~ 0.12,
AS,k, = 0.17, and AS g =~ —0.17. Soft correc-



HAI-YANG CHENG AND CHUN-KHIANG CHUA

tions to a, have significant effects on these three
observables, especially the last one.

(c) For tree-dominated modes, the predicted S+, =
—0.69 agrees well with experiment, while S 0 =
—0.24 disagrees with the data in sign.

Puzzles to be resolved

(1) Both QCDF and pQCD can manage to lead to a
correct sign for A-p(K ™ n), but the predicted magni-
tude still falls short of the measurement —0.37 =
0.09. The same is also true for Acp(7 7).

(i1)) The QCDF prediction for the branching fraction of
B — K*n/, of order 1.5 X 107°, is smaller com-
pared to pQCD and SCET. Moreover, although the
QCDF results are smaller than the BABAR measure-
ments, they are consistent with Belle’s upper limits.
It will be crucial to measure them to discriminate
between various predictions.

(iii) CP asymmetry of B® — wK" is estimated to be of
order —0.047. The current data 0.52*%32 = 0.03 by
BABAR and —0.09 = 0.29 = 0.06 by Belle seem to
favor a positive Ap(wK?). This should be clarified
by more accurate measurements.

(iv) CP violation of B — p°#¥ is predicted to be of
order 0.11 by QCDF and negative by pQCD and
SCET. The current data are 0.10 = 0.40 = 0.53 by
BABAR and —0.49 = 0.36 = 0.28 by Belle. This
issue needs to be resolved.

In this work we have collected all the pQCD and SCET
predictions whenever available and made a detailed com-
parison with the QCDF results. In general, QCDF predic-
tions for the branching fractions and direct CP
asymmetries of B— PP, VP, VV decays are in good
agreement with experiment except for a few remaining
puzzles mentioned above. For the pQCD approach, pre-
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dictions on the penguin-dominated VV modes and tree-
dominated VP channels should be updated. Since the sign
of Acp(K~m) gets modified by the NLO effects, it appears
that all pQCD calculations should be carried out system-
atically to the complete NLO (not just partial NLO) in
order to have reliable estimates of CP violation.

As for the approach of SCET, its phenomenological
analysis so far is not quite successful in several places.
For example, the predicted branching fraction B(B~ —
p~m') ~0.4X107° is far below the experimental value
of ~9 X 107°. The most serious ones are the CP asymme-
tries for K~ 7°, 7°7°, 7~ m, and K*°%. The predicted signs
of them disagree with the data (so the AAg,. puzzle is not
resolved). Also the predicted CP violation for K°7° and
K*°7° is of opposite sign to QCDF and pQCD. As stressed
before, all the B-CP puzzles occurred in QCDF will also
manifest in SCET because the long-distance charming
penguins in the latter mimic the penguin-annihilation ef-
fects in the former. This means that one needs other large
and complex power corrections to resolve the CP puzzles
induced by charming penguins. For example, in the current
phenomenological analysis of SCET, the ratio of C*)/T")
is small and real to the leading order. This constraint should
be released somehow.
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