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QCD factorization for charmless hadronic B, decays revisited
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Branching fractions and CP-violating asymmetries of charmless B, — PP, VP, VV decays (P and V
denoting pseudoscalar and vector mesons, respectively) are reexamined in the framework of QCD
factorization (QCDF). We take into account subleading power corrections to the penguin annihilation
topology and to color-suppressed tree amplitudes that are crucial for resolving the CP puzzles and rate
deficit problems with penguin-dominated two-body decays and color-suppressed tree-dominated 7°7°
and p°7° modes in the B, 4 sector. Many of the B, — hh, decays can be related to B; — h;h, ones via
U-spin or SU(3) symmetry. Some useful model-independent relations can be derived and tested. Mixing-
induced CP asymmetries for many of the penguin-dominated decays are predicted to be very small in the
standard model. They are sensitive to new physics and offer rich possibilities of new discoveries.
Measurements of direct CP-violating asymmetries can be used to discriminate QCDF from other

competing approaches such as pQCD and soft-collinear effective theory.
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L. INTRODUCTION

The phenomenology of nonleptonic two-body decays of
B mesons offers rich opportunities for our understanding of
the underlying mechanism for hadronic weak decays and
CP violation. In the past decade, nearly 100 charmless
decays of B, , mesons have been observed at B factories,
BABAR and Belle, with a statistical significance of at least
4 standard deviations (for a review, see [1]). The CDF
Collaboration has made unique contributions to the mea-
surements of charmless hadronic B, decays. Recently,
Belle has also started to study the weak decays of the B,
meson.

Many of the B; — hh, decays can be related to B; —
h'h} ones via U-spin or SU(3) symmetry. Some useful
model-independent relations can be derived and tested. For
example, direct CP asymmetries of B, — K™#7~ and
B, — K~ " are related to each other by U-spin symme-
try. Therefore, the use of flavor symmetry will be helpful to
control the hadronic uncertainties in B, — h h, decay
amplitudes.

Analogous to the neutral B, system, CP violation in B
decays also occurs through the interference of decay am-
plitudes with and without B, — B, mixing. It is known that
the mixing-induced CP violation of B, — J/ K is gov-
erned by sin28. Likewise, the decay B, — J/ ¢ is the
benchmark in the B system with mixing-induced CP
asymmetry characterized by sin2 ;. In the standard model
(SM), the phase B, is very small, of order 1°.
Consequently, B, — J/¢¢ and several charmless
penguin-dominated B, decays e.g. B, — K®*OK®*)0,
7'n"), ¢ ¢ are the ideal places to search for new physics
as CP violation from physics beyond the SM can compete
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or even dominate over the small SM CP phase. Recently,
both CDF [2] and DO [3] have observed 1-2 ¢ deviations
from the SM prediction for B3,. Because of the possibilities
of new discoveries, the search for new physics in the B
system will be the main focus of the forthcoming experi-
ments at Fermilab, LHCb and Super B factories.
Theoretically, two-body B, decays have been studied in
the framework of generalized factorization [4], QCD fac-
torization (QCDF) [5-9], perturbative QCD (pQCD) [10-
12] and soft-collinear effective theory (SCET) [13,14]. In
this work we will reexamine and update the QCDF pre-
dictions. Especially, we shall pay attention to the issue of
power corrections. From the study of charmless hadronic
B, 4 decays, we learned that two subleading 1/m; power
corrections are needed in QCDF in order to account for the
observed rates and CP asymmetries. Power corrections to
the penguin annihilation topology, corresponding to the so-
called ““scenario S4” in [6], are crucial for accommodating
the branching fractions of penguin-dominated B, ; — PP,
VP, VV decays on the one hand and direct CP asymme-
tries of B,— K 7", B,— K @", B~ — K p° and
B, — 77~ on the other hand. Otherwise, the predicted
rates will be too small and CP-violating asymmetries of
above-mentioned modes will be wrong in signs when con-
fronted with experiment. However, power corrections due
to penguin annihilation will bring new CP puzzles for the
decays B~ —= K #°, K n, w0, B;— K*°n and B, —
7 70: Signs of their Acp’s are flipped into the wrong ones
when compared with experiment. It has been shown in [15]
that soft corrections to the color-suppressed tree amplitude
due to spectator scattering and/or final-state interactions
will bring the aforementioned CP asymmetries to the
right track and accommodate the observed 7%z and
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p%7¥ rates simultaneously.' Recently we have given a
detailed study of charmless hadronic B, ; — PP, VP,
VV decays within the framework of QCDF incorporating
aforementioned power corrections [17]. In this work we
shall generalize the study to B, decays. So far B, — K+ 7~
is the only hadronic decay mode in the B, sector that its
direct CP violation has been measured [18]. The resulting
CP asymmetry Acp(B, — K"7r7) = 0.39 = 0.17 differs
from zero by 2.20 deviations. Just as the decay B, —
K~ 7", the predicted CP asymmetry for B, — K* 7
the heavy quark limit is wrong in sign and too small in
magnitude. As we shall see below, we need penguin anni-
hilation to get the right sign and magnitude for Ap(B, —
Kta@).

This work is organized as follows. We outline the QCDF
framework in Sec. II and specify various input parameters,
such as form factors, light-cone distribution amplitudes
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I1. B DECAYS IN QCD FACTORIZATION

Within the framework of QCD factorization [19], the
effective Hamiltonian matrix elements are written in the
form

(M M| H o|B) =

Z )l(q)

]J u,c
XAM{Mo|(T 2™ + T g"P)|B), (2.1)

where /\S,q) = V,,Vy, With ¢ = d, s, and the superscript i
denotes the helicity of the final-state meson. For PP and
VP final states, h = 0. T 47 describes contributions
from naive factorization, vertex corrections, penguin con-
tractions and spectator scattering expressed in terms of the
flavor operators a?", while T 5 contains annihilation to-
pology amphtudes characterlzed by the annihilation opera-

and the parameters for power corrections in Sec. IIl.  tors b” n Specifically [19]
Then B, — PP, VP, VV decays are analyzed in details
in Secs. IV, V, and VI, respectively. Conclusions are given

in Sec. VII.

T 2" = al(MM,)8,,(ib)y_ ® (Gu)y_, + ab (M M2)8,,(Gb)y—, ® (iu)y_s + a5 (MM5) > (Gh)y—s ® (7' )y-4
+al(MiM)) Y (G'b)y—4 ® (3 )y—s + ab(M M) Y (Gb)y—4 ® (7'q")v+a
+al(MiM) Y (=2)(G'b)s-p ® (qq")ssp + ab (M M3) Y (gh)y—» o> 3¢4(@q)v+a
4 a (M M) 3 (~2)@D)sp ® 5 @ p + VM) T @)y 4 83 e, (@) s

3
+ ajy(M M) Z((?'b)v—A ® ieq(qq/)V—A’ (2.2)

where (7192)v+a = §1Y,(1 £ ¥5)qz and (7192)s+p = G;(1 £ ¥5)q, 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

"It is well known that a large complex electroweak penguin can also solve the B — K7 CP puzzle with the difference of Acp(B~ —
Ko7~ ) and Acp(B® — K~ 7") (see e.g. [16]). Since the electroweak penguin amplitude Py, is essentially real in the standard model,
one needs new physics to produce new strong and weak phases for PEW In principle, it will be difficult to discriminate between large
complex color-suppressed tree C and large Pgy scenarios in the penguin-dominated decays. However, as pointed out in [17] the two
schemes can lead to very distinct predrctlons for tree-dominated decays where Pgy << C. The observed decay rates of B — 7079,
p 7% and the CP puzzles with 7~ 1 and 7°7° can be resolved by a large complex C but not Pgw.Inthe B, 4 sector there are 13 modes
in Wthh CcP asymmetrles have been measured with significance above 1.80: K~ 7", wt 7™, K™, K*On K= p% p*ar¥ and ptK~,
K at, K 7% 7 7, oK°, 7°7°, p~ 7. We have shown in [17] that the QCDF predlctrons of Acp for aforementioned 13 decays are
in agreement with experiment except the decay B® — wK". However, we notice that BABAR and Belle measurements of A-p(wK") are

opposite in sign.
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XBPeP) = (Py|T,|0XP,|J#|B) = ifp,(m},
XBPY) = (V|],|OXP|J'"#|B) = 2fympp FFF(m?),
XBV-P) = (P|J,|0XVIJ"#|B) = 2f pmpp ALY (m3),

X\PNYD = (o1, l0XV, 741 BY = —ifvzmz[@;* - &3)(mp + my)AY (m) — (e} - pp)(es - pp)

2VBV1 m?
+1 ( V2 )]

MVC‘BSZMSI pol (m + mV)
1

where we have followed the conventional definition for
form factors [20]. For B — VP, PV amplitudes, we have
applied the replacement mye* + pg — mpgp,. with p. being
the c.m. momentum. The longltudlnal (h = 0) and trans-
verse (h = *) components of x!8 N 1Y) are given by

B ifv
X = D oy — i = i )mg + my AT (@)
Vi
4 2.2
Mmpp¢ Agvl (qZ) ]’
mpg + mvl
n m
xEN) = _ifVQmBmvzl:(l + m—‘;l)Afvl (¢%)
2
+=Pe  ymv, (qz)]. 2.4)
mpg + I’i’lVl

The flavor operators a? ! are basically the Wilson coef-

ficients in conjunction with short-distance nonfactorizable
corrections such as vertex corrections and hard spectator
interactions. In general, they have the expressions [6,19]

Ci+ CFas
N. 4m

]

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"(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

0, i=678,
N’h(MZ) - { 1, else.

af’h(Mle) = ( ]l\;l)Nh(Mz) +

c

X I:Vih(Mz)

+ PIP(My), (2.5)

(2.6)

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

BP
— mI%,l)F0 "(m
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%’2 )y

245" (m},)
(mp + my,)

(2.3)

\/— Z MM M| T 57| B°)

p=u,c

G
=i 2 A Fafu S SdbT + diply). 2.1

p=u,c
The building blocks have the expressions [6]

Cr
bl =N—3C1Al,

C . .
by = N—I;[C:;All + es(AL + AL) + N ceAl]
C
C .
b2 lCzAl,

NZ (2.8)

C .
by = N—‘;[qu + ceAd],
bypw = N2 PleoAl + c(AL + AL) + N,cgAll,

[CIOA + CSA ]

C

b4,EW -

Here for simplicity we have omitted the superscripts p and

h in above expressions. The subscripts 1, 2, 3 of Ai;f 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 [6] 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 [6,8,19] for details. The decay amplitudes of
B, — PP, VP are given in Appendix A of [6] and can be
easily generalized to B, — V'V (see [9] for explicit expres-
sions of B; — VV amplitudes). In practice, it is more

convenient to express the decay amplitudes in terms of
the flavor operators «!"” and the annihilation operators 37

which are related to the coefficients a""” and b” by
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al(MM,) = a'' (M M,),

h,
a3 p(MlMZ) =
aZ’p(M1M2) =

h,
a3,gw(M1M2) =

ai‘gw(MlMZ) =
and
ifpfm,fu,
B (M\M,) = %bf. (2.10)

The order of the arguments of (M M,) and BY (M, M,) is
consistent with the order of the arguments of X(BM1M2) =
A, m,- The chiral factor r, is given by

p _ 2m3,

P = s + ()" o1
% o 2mV f\J/-(/L)

ry(p) =

o mb(M) fv

III. INPUT PARAMETERS

It is clear from Eq. (2.3) that we need the information on
decay constants and form factors in order to evaluate the
factorizable matrix elements of 4-quark operators.
Moreover, we also need to know the light-cone distribution
amplitudes of light hadrons in order to evaluate the non-
factorizable contributions.

A. Form factors

There exist one lattice and several model calculations of

form factors for B; — P, V transitions:

(1) In the pQCD approach, the relevant form factors
obtained at g*> = 0 are [11] (for simplicity, form
factors hereafter are always referred to the ones at
g* = 0, unless specified otherwise)

B, K B,
FOS — 0_24+0.05+0.00 FOAn) — 0'30+0.06+0.0l

—0.04—-0.01" —0.05-0.01”

VER 020G AR = 025780000

ATE = 01GTEIR, Ve =025 )

ATS =030 AT = 01978
(3.1
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ag(Mle) = aé’(Mle),

"’ (M\My) — a"(MM,) for M{M, = PP, VP,

a? (M M) + " (M My) for M\M, = V'V, PV,

P(M\M,) for M\M, = PP, PV,

a?(M\My) — F2al"?(M\M,)  for MM, = VP, VV, 2.9)
al'?(M\M5) — a"(M,M>) for M;M, = PP, VP,

al'? (M, M) + " (M, My) for M\M, = V'V, PV,

'l (M M) + r2a"(M\M,)  for M\M, = PP, PV,

a' P (M My) — P2al? (M M,)  for M{M, = VP, VV,

(2) Form factors obtained by QCD sum rules are
F3X =0.3010% (3.2)
for the B, — K transition [21] and

VEK =0.311 + 0.026,
ABK = 0360 + 0.034,
ABK = 0233 +0.022,
VB¢ = 0.434 + 0,035,
AS? =0.474 +0.033,

(3.3)

A%? = 0311 = 0.030,

for B, — V transitions [22].
(3) Another light-cone sum-rule calculation based on
heavy quark effective theory gives [23]

F§% =0296 0018,  Fg'" = 0.281799!3,
(3.4)

and

. BK* _ .
VBK =0.2857001, Ayt = 022270010
B,K* __ ) _ .
APE =022750019 vBid = (.3391001¢
AP? = 0271901
(3.5)

Ag? =0.2691001

It is clear that form factors obtained by sum rules are
larger than the pQCD ones.

(4) A light-cone quark model in conjunction with soft-
collinear effective theory was constructed in [24].
The predictions are
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FyX =0290,  Fg'™ =0.288,

VBK =0323,  AEK =0.279, a6
ABK =028 VB9 =0329,

AE? =0279, AP =0232

(5) A straightforward application of the covariant light-
front quark model of [25] yields [26]

VBK =023, AEK =026,

ABK =019, VB =030, (3.7)

AF? =032, A% =026,

all with errors estimated to be +0.01.

(6) A recent lattice QCD calculation yields Fg“K =
0.23 £ 0.05 = 0.04 [27].

For comparison, Beneke and Neubert [6] used

FEX =031+005  ABK =029 +0.05,

Bo (3.8)
Ay" = 0.34 = 0.05,
and
B _ pBK fi]?“’ L F ﬁfzz”) " fi/(') (3.9)
0 0 2 N ) :
while Beneke, Rohrer and Yang [8] employed
ABK =033+0.05  AF? =038*010  (3.10)

Note that it is most convenient to express the form
factors for B — ) transitions in terms of the flavor states
g3 = (uii + dd)/~/2, s5 and ¢¢ labeled by the 14> My and
1Y, respectively. Neglecting the small mixing with 12, we
have

FB:m = —FB:ns sing, FB:' = FB:ns cosh,  (3.11)
where 6 is the i, — 7, mixing angle defined by
|m) = cosbln,) — sinbln,),
! (3.12)

In') = sinf|n,) + cosb|n;),

with @ = (39.3 = 1.0)° in the Feldmann-Kroll-Stech mix-
ing scheme [28].

From the above discussions we see that the form factor
Fg“K at g> = 0 ranges from 0.23 to 0.31. In the QCDF
approach, if F g “%(0) = 0.31 is employed, we find that the
predicted  branching fractions B(B,— K'7") =
9.1 X 107%and B(B;, — K*K~) = 34 X 10~° will be far
above the experimental measurements of (5.0 = 1.1) X
1079 [29] and (25.7 = 3.6) X 1076 [30,31], respectively.
Hence we shall use F| g X(0) = 0.24 obtained by the lattice
calculation. Note that a y? analysis by one of us (C.K.C.)
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with the available data of B, — PP also yields F’ g‘yK(O) =
0.24073:931 [32]. For other form factors, we shall use
F g *™5(0) = 0.28 and B, — V transition form factors given

by Eq. (3.7) with some modifications on B, — K* ones (see
Table I).

B. Decay constants

Decay constants of various vector mesons defined by

V(p, @y, 110y = —ifymye,

A (3.13)
(V(p, 01320 ,,q:110) = —fir (€5, p” — €;p*),

are listed in Table I. They are taken from [35]. For pseu-
doscalar mesons, we use f, =132 MeV and fx =
160 MeV. Decay constants f7 f‘; o, and f:] ¢, defined by

/
"’

_ N
017y, ysqln") = i o
015y, yssln)y =i P20 (3.14)
Oley,yseln®™y = if ¢ qu

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

£4 =107 MeV,
£1, =89 MeV,

f3 = =112 MeV,

3.15
3, =137 MeV G-19)

obtained in [28]. As for f¢

a straightforward perturbative
n

(/)3

calculation gives [36]

2
, o fj,(’)
Fon =" 2 :
n 12m? 2

(3.16)

C. LCDAs

We next specify the light-cone distribution amplitudes
(LCDAG) for pseudoscalar and vector mesons. The general
expressions of twist-2 LCDAs are

B, ) = 6x(1 — [ 1+ i ab(p)C*(2x — 1)],
- n=1

@ te w) = 6x1 =01+ 3 a¥ i ex - 1)

- n=1

Y00 = 6201 =01+ 3 a V(G x - 1)

- n=1

(3.17)

and twist-3 ones
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TABLE 1. Input parameters. The values of the scale dependent quantities fi (w) and af’zv(,u) are given for u = 1 GeV. The values
of Gegenbauer moments are taken from [33] and Wolfenstein parameters from [34].

Light vector mesons

% fv MeV) f& MeV) al ay ai’ ay"”

p 216 =3 165*+9 0 0.15 = 0.07 0 0.14 = 0.06
® 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* 2205 185 £ 10 0.03 = 0.02 0.11 = 0.09 0.04 = 0.03 0.10 = 0.08
Light pseudoscalar mesons

af ay a{( a§

0 0.25 £ 0.15 0.06 = 0.03 0.25 = 0.15
B mesons

B my (GeV) 75 (pS) /5 MeV) Ag (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 ) ) ) v

FeX(0) AZE(0) ABK(0) A% (0) Ve (0)

0.24 0.30 = 0.01 0.24 = 0.01 0.22 = 0.01 0.28 = 0.01

FEm(0) AE2(0) A% (0) A% (0) vE2(0)

0.28 0.32 = 0.01 0.26 = 0.01 0.23 = 0.01 0.30 = 0.01

Quark masses

my,(my)/GeV m,(m,)/GeV mP'® /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)°

D,(x) =1, D, (x) = 6x(1 — x),

CI)U(X’ /-L) = 3[2)( -1+ i al_i_yv(lu)Pn+1(2x - 1)]:

n=1

(3.18)

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@ - [ L1 39
0 u X u
The normalization of LCDAs is
1 1
j dxdy(x) = 1, [ dx®,(x) = 0. (3.20)
0 0

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

Table I taken from [33] are for the mesons containing a
strange quark.

The integral of the B meson wave function is parame-
terized as [19]

1
i) ="

= R 3.21
ST, » (3.21)

where 1 — p is the momentum fraction carried by the light
spectator quark in the B meson. We shall use Az = 300 =
100 MeV.

For the running quark masses we shall use [37,38]

my(m,) = 4.2 GeV,  m,(2.1 GeV) = 4.94 GeV,
my(1 GeV) = 6.34 GeV, m.(mp) = 0.91 GeV,
m.(2.1 GeV) = 1.06 GeV, m.(1 GeV) = 1.32 GeV,
m(2.1 GeV) = 95 MeV,  m,(1 GeV) = 118 MeV,
my(2.1 GeV) = 5.0 MeV, m, (2.1 GeV) = 2.2 MeV.
(3.22)

Note that the charm quark masses here are smaller than the
one m.(m;) = 1.3 £ 0.2 GeV adopted in [6,9] and consis-
tent with the high precision mass determination from lat-
tice QCD [39]: m.(3 GeV) = 0.986 = 0.010 GeV and
m.(m.) = 1.267 = 0.009 GeV (see also [40]) 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 my (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 [41]. Since the
penguin loop correction is governed by the ratio of the

114026-6
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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: (i) the predicted branching
fractions for penguin-dominated B — PP, VP, VV decays
are systematically below the measurements, (11) direct
CP-violating asymmetnes for B;— K~ 77- B, —
K“~7mt, B-—>K p° B;,— m"m and B —>K+7T_
have signs in disagreement with experiment, and (iii) the
predicted longitudinal polarization fractions in penguin-
dominated B — V'V decays are usually too large and do not
agree with the data. This implies the necessity of introduc-
ing 1/my power corrections. Unfortunately, there are many
possible 1/m,; power suppressed effects and they are gen-
erally nonperturbative in nature and hence not calculable
by the perturbative method.

Power corrections in QCDF always involve troublesome
endpoint divergences. For example, the annihilation am-
plitude has endpoint divergences even at twist-2 level and
the hard spectator scattering diagram at twist-3 order is
power suppressed and posses soft and collinear divergen-
ces arising from the soft spectator quark. Since the treat-
ment of endpoint divergences is model dependent,
subleading power corrections generally can be studied
only in a phenomenological way. We shall follow [19] to
model the endpoint divergence X = [} dx/% in the anni-
hilation and hard spectator scattering diagrams as

X, = ln( )(1 + paei®n), .

X, <Ah)(1 T preitn),

with A, being a typical scale of order 500 MeV, and p, g,
¢ 4 g 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 II. Basically,

TABLE II. The parameters p, and ¢, for penguin annihila-
tion.

Modes DA b4 Modes Pa b4
B— PP 1.10 -50° B, — PP 1.00 —55°
B— VP 1.07 =70° B,— VP 0.90 —65°
B— PV 0.87 —30° B, — PV 0.85 —30°
B— K'p 0.78 —43° B, —VV 0.70 —55°
B— K*¢ 0.65 —53°

PHYSICAL REVIEW D 80, 114026 (2009)

it is very similar to the so-called ““S4 scenario” presented
in [6]. The fitted p, and ¢, for B — V'V decays are taken
from [42]. Since the penguin annihilation effects are differ-
ent for B— VP and B — PV decays,

Al ~ —Al
2
=~ 6ms[3(XX” —4+ %) + PP ((XYP)? — ZXXP)],
. 77-2
AL = 67TaS|:—3r¥<(XXP)2 —2XYP + 4 — ?>

77_2
+ r§((xXP)2 —oxVP 4 ?)]

A = 6ma [3r2XY" — )2 — X)P)

— ry@XE")? = X§")] (3.24)
for M;M, = VP [the definition for the parameters r§ and

rY, can be found in Eq. (2.11) below] and
A~ —Aj
72
= 677“-9[3(X£V —4+ ?) + P (X)) - 2X§V)i|,

2
Al = 67TaS|:—3r§<(X£V)2 —2XV + 4 - %)

7T2
ror - axp+ 2]

=~ 6ma,[ 32X — 1)2 — X1Y)

+ ryXE)? = xiM)] (3.25)
for MM, = PV, the parameters X}” and X{V are not
necessarily the same. Indeed, a fit to the B— VP, PV
decays yields pif = 1.07, ¢ =~ —70° and pfV =
0.87, ¢tV = —30° (see Table II). For By — PP, VP, VV
decays, we shall assume that their default values are simi-
lar to that in B, , decays as shown in Table II. For the
estimate of theoretical uncertainties, we shall assign an
error of +0.1 to p4 and £20° to ¢ 4.

E. Power corrections to a,

As pointed out in [15], while the discrepancies between
experiment and theory in the heavy quark limit for the rates
of penguin-dominated two-body decays of B mesons and
direct CP asymmetries of B, —» K~ 7+, B~ — K~ p° and
B, — w7~ are resolved by introducing power correc-
tions coming from penguin annihilation, the signs of direct
CP-violating effects in B~ — K~ 7%, B~ — K 7 and
B° — 7%70 are flipped to the wrong ones when confronted
with experiment. These new B-CP puzzles in QCDF can
be explained by the subleading power corrections to the
color-suppressed tree amplitudes due to spectator interac-
tions and/or final-state interactions that not only reproduce
correct signs for aforementioned CP asymmetries but also
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accommodate the observed B, — 7%7°

simultaneously.
Following [15], power corrections to the color-
suppressed topology are parametrized as

and p°7° rates

ay — a)(1 + peei®o), (3.26)

with the unknown parameters p. and ¢ to be inferred
from experiment. We shall use ¢~ = —70° and p- = 1.3,
0.8, 0 for B— PP, VP, VV decays [15,17], 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 [43] 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 ¢g
bound state on the one hand and a nearly massless Nambu-
Goldstone boson on the other hand [43].

IV. B, — PP DECAYS

Before proceeding to the numerical results of QCDF
calculations, we discuss some model-independent flavor
symmetry relations in which many of B, — PP decays can
be related to B, — PP ones by either U-spin or SU(3)
symmetry. Hence these relations can be used to cross-
check the dynamical calculations.

A. U-spin symmetry

In the limit of U-spin symmetry, some of B decays can
be related to B, ones. For example,

ABy— K™ m7) = Vi, V(KT 7 |0y1By)

+ Vi, Ve(K* 77| 041By),
A(By;— K~at) = Vi, V, (K~ 7" |0%|B,)

+ Vi, Ve K™ w7 04By), 4.1)

where the 4-quark operator O; is for the b — ggs transi-
|

Acp(B; — K*K™) = —Acp(By— 7 77)
Acp(B; — K°K®) = —Acp(B, — K°K?)
Acp(By — K7°) = —Acp(B; — KOn°)

Acp(By— mr ™) = —Acp(By— KTK™)

PHYSICAL REVIEW D 80, 114026 (2009)

tion and O, for the b — g4gd transition. The assumption of
U-spin symmetry implies that under d < s transitions,

(K*m|04lB;) = (K~ 7" 01B,),

_ _ 4.2)
(KT~ |0g1B,) = (K~ 7| O5|By).
Using the relation
Im(V;,VuVep Vi) = —Im(V;, V, V., Vi), (4.3)
it is straightforward to show that [44—46]
|A(B; — K*a7)I> — |A(B, — K~ 7 ")J?
=|ABy— K 7 ) — |A(B; — K=" )PP, (4.4)
and, consequently,
Acp(By— Kt 77) = —Acp(By— K~ 7™)
BB, =K ') 7B) o

BB, — K'm") 7(By)

From the current world averages, Acp(B; — K™ 7") =
—0.09870913, BBy — K @) =(19.4*0.6) X 107°
[47] and the CDF measurement B(B, — K*7~) = (5.0 =
1.1) X 1076 [29], it follows that the prediction A-p(B; —
K*7~) = 0.37 under U-spin symmetry is in good agree-
ment with the experimental result 0.39 £ 0.15 = 0.08 ob-
tained by CDF [29]. Besides A-p(B;, — K" 7r~), CDF has
also measured direct CP violation in the decay B, —
K~ 7t and obtained [30]

F(Ed - K77T+) - F(Bd i K+77'7)
I'B,—K'7n)—T(B,— K 7")
= —0.83 £041 =0.12,

(4.6)

which is equal to —1 under U-spin symmetry. Obviously,
the experimental measurement is still limited by statistics.

By the same token, we also have the following U-spin
relations

BB, — mt7) 7(B,)
BB, — K*K") 7(B,)’
B(B, — K°K°) 7(B,)
B(B, — K°K°) 7(B,)’
B(B, — K°7") 7(B,)
BB, — K°7°) 7(B,)’
BB, — K*K™) 7(B,)
BB, — 7t7) 7(By)’

4.7

Unlike the first U-spin symmetry relation (4.5), the above relations cannot be tested by the present available data.
Nevertheless, they can be checked by our dynamical calculations as shown in Sec. IV C5.

B. SU(3) symmetry

There are some cases where two-body decays of B; and B, can be related to each other in the limit of SU(3) symmetry
provided that some of the annihilation effects can be neglected. Let us consider the decay amplitudes of the following three
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pairs in QCDF [6]:

PHYSICAL REVIEW D 80, 114026 (2009)

_ _ . 1
A(BS — K+7T ) = Z VprpdAK,T<5pua1 + aff + aiEW + Bg - EIBQEW)’

p=u.c

(4.8)
= _ 1 1
A(Bd — ’7T+7T ) = Z Vg;hVPdAWW((SP”al + af + aéll),EW + 6puﬁ1 + ﬁg - Eﬂg’EW + EﬂZEW)
p=u.c
and
- _ . 1 1
AB,—~KK)= Y VpthSI:AKK(Bpual +af + B+ B~ 5 Bl — EﬁZEw>
p=u.c
+ Bgg(8,,b] + bl + bZEW)],
_ 1
AB,; — K nt) = Z V;prSAﬂTK(BPMal + af: + aZEW + ﬂg — EIBQJ,EW)’ 4.9)
p=u,c
and
AB, — K°K%) = Y vV, | Agk ap—lap +/3P+/3P—1 1 —1/31’ + Bg b”—lb”
s pb " ps| KK\ F4 5 F4EW 3 4 HP3EW 5 P4EW Kk\"74 — 5 74EW | b
p=u,c
_ o - . 1
AB™ = R7) =Y VprpSAWIg(ag - QO‘Z,EW +8,.B,+ BY + BQEW), (4.10)

p=u,c

with A, . = X®B::m) where the expressions of the flavor
operators «; in terms of a; and the annihilation operators
[; in terms of b; are shown in Eq. (2.9). Roughly speaking,
a is due to the tree topology, a4 comes from the QCD
penguin operators O4 and Oy, ai Ew receives contributions
from the electroweak operators Og and O . From the study
of hadronic B, ; decays we learn that annihilation effects
are negligible in tree-dominated modes and dominated by
the B; term in penguin-dominated decays. Hence, under
the approximation of negligible annihilation contributions
to tree-dominated decays and keeping only the dominant
penguin annihilations in penguin-dominated decays, SU(3)
symmetry (or U-spin symmetry acting on the spectator
quark of the B meson) implies [45,48]

AB,—- K7 )=AB,— 7 7),
AB,— K*K™) = A(By— K~ m*),
A(B, — K°K%) =~ A(B~ — K°7").

“4.11)

As will be discussed later, it turns out that among the
relations

BB,—K'm)=BB,— m"7),
Acp(B, — K 77) = Acp(By — mh o),
BB, — K*K~) ~ BB, — K- 1),
Acp(B, — KTK™) = Acp(By — K~ "),
B(B, — KOR") ~ B(B~ — K7 ),
Acp(By — K°K%) = Acp(B~ — K'77),

(4.12)

the first three ones are experimentally fairly satisfied.

C. Numerical results and comparison with other
approaches

We list in Tables III and IV the branching fractions and
CP asymmetries of B, — PP decays evaluated in the
frameworks of QCD factorization (this work), pQCD to
the lowest order (LO) [11] and to the next-to-leading order
(NLO) [12] and SCET [13]. For the decays involving an 7
and/or 7', two different sets of SCET results are quoted
from [13], corresponding to two distinct SCET parameters
regarding to the strong phases of the gluonic charming
penguin. The expression for the decay amplitudes of B, —
PP and VP decays in the QCDF approach can be found in
the appendix of [6].

The theoretical errors in QCDF calculations correspond
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, ¢y, respectively. To obtain the
errors shown in Tables III, IV, V, VI, VII, VIII, IX, X,
X1, XII, XIII, and XTIV, we first scan randomly the points in
the allowed ranges of the above nine parameters and then
add errors in quadrature. As noted in passing, we assign an
error =0.1 and =20° to the default values of p, and ¢ ,
respectively, while py and ¢y lie in the ranges 0 = py =
1 and 0 = ¢y = 2. Specifically, the second error in the
table is referred to the uncertainties caused by the variation
of pay and ¢, y, where all other uncertainties are lumped
into the first error. Power corrections beyond the heavy
quark limit generally give the major theoretical uncertain-
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TABLE III. CP-averaged branching fractions (in units of 107°) of B, — PP decays obtained in various approaches. In the QCDF
calculations, the parameters p, and ¢, are taken from Table II, p- = 1.3 and ¢ = —70°. Sources of theoretical uncertainties are
discussed in the text. The pQCD predictions to LO and (partial) NLO are taken from [11,12], respectively. For the decays involving an
n and/or n’, two different sets of SCET results are quoted from [13].

Modes Class QCDF (this work) pQCD (LO) pQCD (NLO) SCET Experiment [18,29]
BY—Ktw~ T 5370404 7.6733 6.37%§ 49+12+13=03 50= L1
B — KO7° c 17433702 0.167052 0257019 0.76 + 0.26 = 0.27 = 0.17
BY — K% c 0.755532703) 0.11759%  0.087053 0.80 = 0.48 + 0.29 = 0.18
0.59 = 0.34 = 0.24 = 0.15
B — K%/ c 2.8%33 04 0.72793¢ 1.87704 45*1.5%04=05
39+ 130504
B)— KtK~ P 2527157412 13.67%$ 15.673 182*67=1.1%05 25.7 * 3.6*
BY — K°K° P 26.17 3701 15.6%¢:0 18.07%] 17.7 £ 6.6 £ 0.5 = 0.6
BY— nn P 10.9743+737 8.073¢ 10.073:¢ 7.1+64+02=*08
6.4*63+0.1=*07
BY— nn'/ P 41.24373410% 21.071L7 3497116 240+ 13.6 + 1.4 2.7
238+ 132%1.6+29
BY— n'y/ P 47.911594303 14.0479 25.2183 443 +19.7 223 = 17.1
49.4 +20.6 = 8.4 + 16.2
B — 7%y Py 0.05 30300 0.057592  0.037%31  0.014 = 0.004 % 0.005 = 0.004
0.016 = 0.0007 = 0.005 = 0.006
B) — 70y Py 0.043:00 000 0.117593  0.08%0%3 0.006 = 0.003 = 0.002-99%¢
0.038 = 0.013 = 0.016+93%
BY — "7~ Annihilation 02670007040 0577018 0577933 <1.2
BY— 7°7°  Annihilation  0.13799+0.05 0.28%003  0.297012

“This is the average of the CDF and Belle measurements, (24.4 + 1.4 + 3.5) X 107 [30] and (38*1% = 7) X 107° [31], respectively.
The old CDF result on B, — K"K~ can be found in [49].

TABLE IV. Same as Table III except for the direct CP asymmetries (in %) in B, — PP decays.

Modes Class QCDF (this work) pQCD (LO) pQCD (NLO) SCET Experiment [18]
BY— K*m T 20.743:0733 24,1458 25.8+21 20+ 17*19+5 39+ 15+8
BY) — K°x° C 36371137255 59.4770, 88.07¢3 —58*39*39=*13
BY— K% C 3341328207 56.4759 96.7+1¢ —56+46+ 14+ 6
6159+ 12+8
BY— K7/ C —49.378311%0 —19.9733  -35.4732 —14+x7*16+2
37+£8+14*4
BY— K"K~ P =7.7515549 —-233%30  —15.61]7 —6+5+6+2
B — K°K° P 0.4070:04 7009 0 0.4 0.1 <10
BY— nn P =5.0713738 —0.679¢ 0.6752 79492715
~1.1£50+39=*1.0
B — nn! P —0.6793793 1355,  —0.27%] 0.04 = 0.14 + 0.39 + 0.43
27090876
B — n'y/ P 32508419 1.970:¢ 14492 0.9+04+06=*19
-37+1.0+12=*56
l?.? — 7'y Prw 96.1% |1 | —0.453 40.4754
By — 7'x/ Pew 42.9%231359 20.673:3 52.5132
BY— 7*w~  Annihilation 0 —1.2712 0.2130
BY — 7070 Annihilation 0 —1.2712 0.2791
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ties. For theoretical uncertainties in pQCD and SCET
approaches, the reader is referred to the references cited
in the table captions.

1. B,— K*7~, K°7° K°q0)

As mentioned before, in this work we shall use the form
factor F g “%(0) = 0.24 obtained by both lattice and pQCD
calculations. If a larger B, to K transition form factor, say,
F3X(0) = 031, is employed, the predicted B(B, —
K*7~)and B(BS — K*K™) will be far above the experi-
mental results.” For Fg'*(0) = 0.24, the calculated
BB, — K" ) = (5.3%03754) X 1076 is in good agree-
ment with the measurement (5.0 + 0.7 +0.8) X 107°
[29]. Notice that although the same value of Fg“K was
used in the leading order pQCD calculation, a larger
branching fraction of order 7.6 X 107® was obtained (see
Table III).

A recent detailed analysis in [51] indicates that SU(3)
and factorization only remain approximately valid if the
branching fraction of B, — K7~ exceeds its current
value of (5.0 = 1.1) X 10 ® by at least 50% or if the
parameter ¢ defined by

fx F§™(my) my —m3
B.K 2 2
Jr Fy"(m7) mp — mg

&= (4.13)

is more than about 1.2. The analysis goes as follows.
Writing the amplitudes A(B~ — K°7~) = V.,V P and
ABy— K™ @) =V, Vi, Tel® + V.V’ P, the measured
B~ — K7 rate sets a constraint on the penguin topology
P. Since V,, =|V,,le” ", the measurement of B, —

K~ ot will put a constramt on T as a function of the
unitarity angle y. Under U-spin symmetry, the amplitude
AB,— K 7)) = udV;bT’ ' + V., V5P can be re-
lated to the B, — K~ 7" one by the relations: 7/ = T,
P'=P and & = 8. The data of B, — K"z~ will be
helpful for pinning down the ratio 0f P/T. The analysis
of [51] shows that for the value of y to be consistent with
other determinations and for the strong phases & and 6’ not
different much from each other, then either B(B; —
K*ar™) is at least 50% larger than the current measured
value or the parameter ¢ is larger than 1.2. Our results of
&=124and B(B, — K" 7~) = 5.3 X 10~ ° are thus con-
sistent with the analysis of [51].

It is known that the predicted direct CP violation for
B, — K 7" and B, — K" 7~ modes in naive QCDF is
wrong in sign when compared with experiment (see the
predictions in [6]). This discrepancy together with the
rate deficit problem for penguin-dominated decays can
be resolved by introducing power corrections coming
from penguin annihilation, corresponding to the “S4 sce-

A larger branching fraction BB, — K*7~) = (10.27¢ g) X
10~ was obtained i in [6] within the framework of QCDF using
the form factor F,° K0) = 0.31 £ 0.05.

PHYSICAL REVIEW D 80, 114026 (2009)

nario” of [6]. Using the values given in Table II for the
parameters p, and ¢,, we obtain Acp(B;, — K™ 7") =
—(7.451 754D % and Acp(B,— K 77) = (20723039 %,
to be compared with the data —0.098*0-9!12 [47] and 0.39 *
0.15 = 0.08 [29], respectively.

The inclusion of soft corrections to the color-suppressed
tree topology has two effects: First, it will enhance the rates
of B, — K°7°, K% by a factor of about 2.5 and B, —
K%%' slightly. Second, it will flip the sign of CP-violating
asymmetries of the former two modes. For example,
B(B, — K°7%) is enhanced from 0.7 X 107® to 1.7 X
1079, while Acp(B, — K°7) is changed from —0.214 to
the order of 0.363 (see Tables III and IV). Note that pQCD
predictions of branching fractions for the color-suppressed
tree-dominated decays B, — K°7°, K°%") are much
smaller than QCDF and SCET. Nevertheless, pQCD results
of Acp’s for the above three modes agree in signs with
QCDF.

We see from Table IV that SCET predicts a negative sign
for Acp(B;, — K°7), contrary to QCDF and pQCD. This
deserves a special discussion. The negative sign of
Acp(B; — K°7°) has to do with the fact that SCET pre-
dicts Acp(B;, — K°7°) = (5+4+4+1)% [13]. From
the U-spin symmetry relation (4.7) we learn that CP
asymmetries of B, — K°7° and B, — K°#" are of oppo-
site sign. Although the current world average Acp(B; —
K°7%) = —0.01 = 0.10 from the BABAR and Belle mea-
surements, —0.13 £ 0.13 £ 0.03 [52] and 0.14 = 0.13 =
0.06 [53], respectively, is consistent with no CP violation,
there exist several model-independent determinations of
this asymmetry: one is the SU(3) relation [54]

AT (B, — 7°7%) = —AT'(B, — K°7"), (4.14)

and the other is the approximate sum rule for CP rate
asymmetries [55]

AT(B,— K 7))+ AT (B~ — K%7")

~2[AT (B~ — K 7°) + AT(B, — K°7%)], (4.15)
based on isospin symmetry, where AI'(B— Kw) =
I'(B— K ) — I'(B— Kr). This sum rule allows us to
extract Acp(B; — K°7) in terms of the other three asym-
metries in K~ 7", K~ 7% K%~ modes that have been
measured. From the current data of branching fractions
and CP asymmetries, the above SU(3) relation and
CP-asymmetry sum rule lead to —0.0737232 and
—0.15 £ 0.04, respectively, for Acp(B; — K°7°). An
analysis based on the topological quark diagrams yields a
similar result —0.08 ~ —0.12 [56]. All these indicate that
direct CP violation should be negative for B; — K7 and
hence positive for B, — K°7°.

2. B,— K"K, K°K°
The penguin-dominated decays B, — K*"K~, K°K°
have sizable branching fractions of order 25 X 107¢ in
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QCDF. The corresponding pQCD and SCET predictions
are slightly smaller (Table 111).? From Egs. (4.9) and (4.10)
we see that K* K~ and K°K° modes differ mainly in the
tree contribution «; and the annihilation term S, induced
by the operator Oy, both existing in the former but not in
the latter. Since these contributions are Cabibbo-
Kobayashi-Maskawa (CKM) suppressed relative to the
penguin terms, the above two modes should have similar
rates but rather distinct CP asymmetries. Because of the
absence of interference between tree and penguin ampli-
tudes, CP asymmetry is very small in B, — K°K?, less
than 1%. Using the world average of Acp(B; — mm™) =
0.38 £0.06, BB,— 7 7 )=(516*+0.22)x10°°
[47] and B(B, — K*K~) = (25.7 =3.6) X 1076 [47],
we find from the first U-spin relation in Eq. (4.7) that
Acp(By— KTK™) = —0.077 in the U-spin limit, which
is in excellent agreement with the QCDF prediction. It is
very important to measure the direct CP asymmetry for
this mode.

In the pQCD approach, direct CP violation of B, —
K°K? vanishes to the lower order as there is only one
type of CKM matrix element in its decay amplitude, say,
Vi Vi [11]. To the NLO, penguin loop corrections allow
other CKM matrix elements enter into the decay amplitude
and induce CP asymmetry [12]. It turns out that the pre-
dicted Acp(B; — K°K") is very similar in both QCDF and
pQCD (to NLO) approaches. It has been argued that the
decay B; — K°K" is a very promising place to look for
effects of new physics through the measurement of its
direct CP violation [58,59]. For example, it was shown
in [58] that Ap(B; — K°K?), which is not more than 1%
in the SM, can be 10 times larger in the presence of SUSY
while its rate remains unaffected.

3 B, — 70n"

The penguin-dominated 1’n) modes have sizable
rates, especially B, — n'n’, the analog of B— K7’ in
the B, sector, has the largest branching fraction of order
~50 X 10~° in two-body hadronic decays of the B, meson.
The QCDF predictions in [6] within the S4 scenario are
much bigger, 78 X 107¢ and 66 X 107, respectively, for
17’ and 'y’ modes. This is because Eq. (3.9) rather than
(3.11) is employed there for describing the B, — 1) tran-
sition form factors. One of us (C.K.C.) found that the
B, — n’7n’ branching fraction can even reach the level of
1.0 X 10~* in the residual final-state scattering model [32].
It is evident from Table III that the pQCD approach to
lowest order predicts much smaller n"'n") rates even
though the form factor Fg""“ (0) = 0.30 is used there. A

*An early theoretical estimate yielded B(B, — K*K~) =
(35 =7) X 1076 using the measured B — K* 7~ branching
fraction [57]. Based on QCDF and a combination of U-spin
and isospin arguments, a result of (20 = 8 = 4 + 2) X 107° was
obtained in [7].

PHYSICAL REVIEW D 80, 114026 (2009)

recent pQCD calculation involving some NLO corrections
from vertex corrections, quark loops and chormo-magnetic
penguins exhibits some improvements [12]: the branching
fractions of 97, ' and 5’7 are enhanced from 8.0, 21.0
and 14.0 (in units of 1079) to 10.0, 34.9 and 25.2, respec-
tively. The gap between pQCD and QCDF is thus im-
proved. However, the NLO corrections calculated so far
in pQCD are still not the complete results as some other
pieces of NLO corrections such as hard spectator and
annihilation have not been considered. It is important for
the pQCD community to carry out the complete NLO
calculations.

Since the decays B, — 1'n") are penguin dominated
and their tree amplitudes are color suppressed, their direct
CP asymmetries are not large.

4 B, — 7w
The decays B, — 7 proceed only through annihilation
with the amplitudes [6]

Ap e g = N2AG o0 % 2B b5 (4.16)

The predicted B(B, — 7" 7~) = 2.6 X 1077 in QCDF is
consistent with the current upper limit of 1.2 X 107° [29].
Note that in the absence of power corrections i.e. p4 = 0,

the branching ratio will become too small, of order 5 X
1078,

5. B, — 7'n")

Since the isospin of the final state is / = 1, the electro-
weak penguin is the only loop contribution that can con-
tribute to the decays B, — 7°n"), in analog to the
B~ — 7~ 70 transition. However, unlike the latter, the
electroweak penguin amplitude in the former gains a
CKM enhancement AY/AY. Indeed, Pgpy dominates
over C in B, — 7'n" decays. It is well known that CP
asymmetry of B~ — 7~ 7¥ is very small, of order 1073,
This is ascribed to the fact that the electroweak penguin
there is very suppressed with respect to the color-
suppressed tree amplitude C. On the contrary, CP violation
of B, — 7m°n") is very sizable due to the dominant Pgy,.
From Tables III and IV we see that the approaches of
QCDF and pQCD have similar results for the rates of B, —
791" but quite different predictions for Acp(B, — 7°7’).

6. Test of U-spin and SU(3) symmetries

There are five U-spin relations shown in Egs. (4.5) and
(4.7). We have pointed out before that the relation (4.5) is
experimentally verified. For other relations, we are still
lack of the measurements of CP asymmetries.
Nevertheless, since the U-spin and SU(3) symmetry break-
ing is already included in QCDF calculations, we can test
quantitatively how good the symmetry is. In Table V we
show some of direct CP asymmetries in B, decays eval-
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TABLE V. Direct CP asymmetries (in %) in B, — PP decays via U-spin symmetry. Theoretical results of branching fractions and

CP asymmetries for B, — PP are taken from [17].

Modes B(107°) Acp (%) Modes Acp (%) (U-spin) Acp (%) (QCDF)
BY— K 7" 19.3773782 74711743 B)— K m~ 25.9 20.7539%32
B — mtm 7.0409+0] 17.0*13%33 B)— K"K~ -4.5 =775
Bg — Kgﬂ'o 8.6f§;§f%;§ - 10.6%}1?% qg — ngz 51.5 36.3i}%%§%§10
130 - K+K°_ 2'135’:8;1’:0%3 —10.0737*19 135 - K+K ) 0.77 0.4010.04+019
B;— K"K 0.1026505 003 0 By — 7" 0 0
uated using the U-spin relations Eqs. (4.5) and (4.7) and 1—|A f|2 21mA;
theoretical inputs for the branching fractions of B, — PP Ap=— 1+—|A|2’ r= m’ (4.20)
decays and CP asymmetries of B; — PP. We see that in g f
general Aqp obtained by U-spin symmetry is consistent  where
::;E)h pt:ra; H(i:tt:rlsed from direct QCDF calculations. In [11] A= g, A(B;— f) _ ViV A(BBy— f )‘ 421
| ’ N |2 | _ N |2 ’ sz. A(Bs - f) thvtt‘ A(Bs - f)
AB, — 7w K7 )|* = |[A(B, - 7 K™) .
Ry = > = , Now let = ¢%P: and
| 1AG KR +IAG, — 7 KT A(B qBangl‘ (b1 +51) (a-+52)
_ _ _ _ A(B;, — f) = A e Pa70) + A, el Pa2T02),
A= Acp(By — 7 K™) B(B, — K") 7(B,) ' ! : (4.22)

Acp(By— m K*)  B(By;— 7m"K") 7(By)’

(4.17)

are defined to quantify the U-spin violation through the
deviation of R; from —1 and A from 0. However, it is not
suitable for the U-spin pair (B, — K°K°, B, — K°K°) for
which we find A = —12. In this case, it is better to com-
pare Acp(B; — K°K?) obtained from the U-spin relation
with the QCDF prediction as we have done in Table V.

As for the test of SU(3) symmetry, the first three rela-
tions in (4.12) are experimentally satisfied:

50+ 1.1 =5.16 £0.22,
0.39 £0.17 = 0.38 = 0.06,
244+ 4.8 =194 = 0.6,

(4.18)

where the branching fractions are in units of 107® and the
data are taken from [47]. For the last three relations of
(4.12) we have

—0.07750048 = —0.098*(011,
26.17187 = 19.4 * 0.6,

= (4.19)
0.00470.%01 = 0.009 + 0.025,

where we have used the theoretical inputs for B, decays
and experimental inputs for B, ones. Again, it appears that
SU(3) symmetry relations are satisfactorily respected.

7. Mixing-induced CP asymmetry

Measurements of time-dependent CP asymmetries in
neutral B; meson decays into a final CP eigenstate f that
is common to B, and B, will provide the information on
two interesting quantities: mixing-induced CP asymmetry
S and direct CP violation Ay which can be expressed as

A(Bv — f) = nf.(Alei(*(ﬁA]Jﬂsl) + Azei(*lﬁAz*az)),

where CP|f) = n/|f) with 5, =1 (—1) for final
CP-even (odd) states, ¢4; 4, are weak phases and 0,
strong phases. It follows that (see e.g. [60])

1+ re"(d" *¢2)ei5

Ap = 7 et 4.23)

1 + re i(d1=¢2)pid’
with ¢y, = P40 + By, 6 = 8, — 8y and r = Ay /A,
For B, decays, the phase 3, due to the B, — B, mixing is
very small in the SM, of order 1°. For the decays B, —
K°K°, mm, nn', n'y’ dominated by penguin diagrams
(tree contributions to 7)) are color suppressed), r = 0
and the phase ¢,; due to V., Vi or V,,V}, is also very
small. Consequently, S; are small for penguin-dominated
B, — PP decays except for B, — K+ K~ which receives a
tree contribution with ¢4, = y. We see from Table VI that
QCDF, pQCDF and SCET all predict Sz _x+x- = 0.20.
Recently, both CDF [2] and DO [3] have reported fits to
angular and time distributions of flavor-tagged B, —
J/ ¥ ¢ decays which favor a larger value of B, deviated
from the SM by 1-20 effects. If this is the case, then
mixing-induced CP violation in B, — K°K°, nn, n7n/,
n'n’ could be sizable. Hence, these modes offer rich
possibilities of testing new physics beyond the SM.
Because of the large magnitude and strong phase of a,
induced from soft power corrections to the color-
suppressed tree amplitude, for example, a,(K7) =
0.77¢~52° (or 0.41e~""" before corrections),* we find
that such corrections will flip the sign of S, into the
positive one for the color-suppressed decays B, —
K¢(7°, m, ), while they are all negative in the pQCD

“In the B,, systems, a,(Km) = 0.51e™™%" (or 0.27¢~117°
before corrections).
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TABLE VI. Same as Table III except for the mixing-induced CP asymmetries S in B, — PP decays. The parameter 7 = 1 except

for Ks(7°, , ') modes where n, = —1.

Modes Class QCDF (this work) ~ pQCD (LO)  pQCD (NLO) SCET
BY— Kgm® c 0.08+929+0-32 —0.61934 —0.41799 —0.16 = 0.41 = 0.33 = 0.17
BY— Ky c 0.26* 0331020 —-0.4370% —0.187512 0.82 0.32 £ 0.11 = 0.04
0.63 = 0.61 = 0.16 + 0.08
BY — K¢n/ c 0.08" 5417010 —0.68700¢ —0.467012 0.38 = 0.08 = 0.10 = 0.04
0.24 = 0.09 = 0.15 = 0.05
BY— K K* P 0.22*0.04+0.03 0.2870.% 0.22+0:04 0.19 = 0.04 = 0.04 = 0.01
BY — K°K° P 0.004+0:5+0.002 0.04 0.045:9
BY— 7 P —0.0755:03 4004 0.03%991 0.02+900 —0.026 = 0.040 + 0.030 + 0.014
—0.077 = 0.061 = 0.022 = 0.026
BY)— 9y’ P —=0.01+300=000 0.0475:90 0.0475:99 0.041 = 0.004 = 0.002 = 0.051
0.015 = 0.010 = 0.008 = 0.069
B — n'y/ P 0.04* 801 001 0.04759! 0.0575:99 0.049 =+ 0.005 = 0.005 = 0.031
0.051 = 0.009 = 0.017 = 0.039
B — 79 Pew 0.26+096+048 0.17+211 0.28+003 0.45 + 0.14 = 0.42 = 0.30
0.38 = 0.20 = 0.42 + 0.37
BY — 0y Paw 0.88*0:93+0.95 —0.175908 —0.18%212 0.45 = 0.14 = 0.42 = 0.30
0.38 = 0.20 = 0.42 = 0.37
B)— mta” Annihilation 0.1570:00%0 0.147512 0.0974:03
B — 7070 Annihilation 0.1575:99%9 0.1475.12 0.08%5:09

approach. Recently, it has been claimed that in the pQCD
approach there exist uncanceled soft divergences in the ky
factorization for the nonfactorizable B meson decay am-
plitudes [61]. This will enhance the nonfactorizable color-
suppressed tree amplitudes. It remains to check if the signs
of S5 .k (n" n,5) 1IN PQCD will be flipped again under this
“a,” enhancement.

V. B, — VP DECAYS

A. Branching fractions
The tree-dominated decays B, — K*"7r~ and p K™

with the amplitudes
A(Bs - K*+7T_) = AK*W(Spual + as — r;a6);

_ 6.1
AB;— p K*) = Ag,(8,,a, + aq + riag),

have branching fractions of order 1073. Since Ag:, =
XBKD ~ £ AFK (Omy and Ay, = XBK) ~
foFy (0)m}, [see Eq. (2.3)], it is clear that the p~ K
mode has a rate larger than K** 7~ due to the hierarchy of
the decay constants f, > f,. The penguin-dominated
B, — VP decays such as K*" K" and K*°K° have rates
smaller than the counterparts in the PP sector as the
amplitudes are proportional to a, + r’faé or a; — r§a6
for the former and a, + rf ag for the latter. Since a4 and ag
are of the same sign and r’)f > r’f, it is evident that the

interference of the penguin terms is constructive for PP
and either destructive or less constructive for VP. The

decay B, — ¢K° is dominated by the b — d penguin

transition and its rate is thus much smaller compared to
b — s dominated B, — K*K decays.

We see from Table VII that the pQCD predictions for the
color-suppressed tree-dominated decays B, — K*07°,
p°K°, wK®, K*On' are 1 order of magnitude smaller than
QCDF and SCET in rates. For example, B(B; — p’K?) is
predicted to be of order 1.9 X 107° in the approach of
QCDF, but it is only about 0.08 X 107® in pQCD. The
calculated branching fractions in pQCD for K**% and
some of the penguin-dominated decays e.g. B, —
K**K~, K*K°, ¢K°, ¢mn' are also much smaller than
QCDF. In the following we will comment on the decays
B, — ¢n"). While the QCDF approach leads to B(B, —
¢n') > B(B, — ¢n), pQCD and SCET predict very dif-
ferent patterns: B(B, — ¢n) > B(B, — ¢7’) in the
pQCD approach and it is the other way around in SCET
(see Table VII). We should stress that the decay rate of
B, — ¢’ is sensitive to the form factor Ag’yd’(O). The
decay amplitudes of B, — ¢ 7' are given by

A(Bs - ¢77) = COSQA(BS - ¢7)q) - SinaA(Bs - ¢7]s)’

A(B; — ¢m') = sinfA(B; — ¢n,) + cosbA(B; — $n,),
(5.2)

with
A(B; — ¢my) = Ayy (@ + al) + A, 4(af + af),

V2A(B, — ¢m,) = Ayy, (8 iy + 205). (5.3)

Since a§(¢pn,) =a, —ry ag and a§(n,P)=a, + rfa6 are
of opposite sign [numerically, a§(¢n,)=0.038 and
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TABLE VII. CP-averaged branching fractions (in units of 107°) of B, — PV decays calculated in various approaches. The LO
pQCD predictions are taken from [11], while two different sets of SCET results are quoted from [14].

Modes Class QCDF (this work) PQCD SCET 1 SCET 2
BY— K*T 7™ T 7.8704+02 7.6725104102 59703703 6.6702107
B'— p K" T 14.7513+03 17847113000 7.670370% 10.2702409
Bokew o ol oo ool ol
B oo c Lerthls ol o, Laral s
By — oK c 1675570 0-152064-0.03—0.01 0.90Z501 011 1.3201 50,1
B) — K K* P 10.3535743 6.0, 3517703 84554013 955317
BY— K"K~ P 113470781 4THET00 9.87%61] 102738413
BY — KK’ P 10.5534%3 73519504500 7.913358 9.353851%
BY — K*K" P 1015587 0 4350751400 87532518 9.4551%13
B) — ¢K° P 0.6253203 0.16 200500 "0 or 0.44 075007 0.54 2035007
e e ool el oordbl] owdil
B bme amiblmion  oooiBel  ooieisieds

3 o Amibilation oop il ooyrisneas

By —p'm Annihilation 0.02Z550-0.01 02376 03-0.06-0.01

B~ Ky c 0seNAE  oITaR L7 0621444l
B — Ky ¢ 0008t ooofRE osaltiie 08774 St
B o P Lo 6y 0597551 0947458t
B — P 22 oroitatelian 737l 433,
B — on P.C oo3ifitten  oosthebldl ooslfnie 0007 341
B — wn P.c oisIl  oartiil oooldibbas  ocotgited
Bogn e ool ool oot onlid
Bs—p'n Pew 0-1626,07" 003 0-1326,04"0.02-0.01 0.003 25 660-0.000 0.14Z571 0,01

a§(ny¢)=—0.033], there is a cancellation between the
two penguin amplitudes of B;— ¢ 7. Note that a§(¢n,)
and a§(n,¢) also are of opposite sign. It turns out that the

sign of A(B;— ¢n,) depends on the form factor Ag (0).
For AOB +%(0) = 0.32 as employed in the present work, B, —
¢n, and B;— ¢mn, will contribute constructively to
B, — ¢n' so that B(B;— ¢n')=2.2X10"°. However,
if we use the sum-rule prediction Agf¢(0)=0.474 from
Eq. (3.3), then a near cancellation between B, — ¢ 7, and
B, — ¢, occurs in the decays B, — ¢n', so that its
branching fraction, of order 1077, becomes very small.
Hence, it is very important to measure the branching
fractions of B, — ¢n) to gain the information on the

form factor Ag:‘/’.

One unique feature of the B, decays is that there exist
several modes dominated by electroweak penguins: B, —
70", ¢7°, p°n") and ¢p°. The isospin for the final
states of these decays is / = | and hence the electroweak
penguin is the only loop contribution that one can have. It
dominates over the color-suppressed tree contribution due
to the large CKM matrix element associated with the
electroweak penguin amplitude. Since a large complex
electroweak penguin amplitude due to new physics is
also a possible solution to the B — K CP puzzle, it has
been advocated that this hypothesis can be tested in the
decays B, — ¢7°, ¢p° whose rates may get an enhance-
ment by an order of magnitude [62].

B. Direct CP asymmetries

Direct CP asymmetries of B, — V P decays estimated in
various approaches are summarized in Table VIIL. In
QCDF calculations, the signs of CP asymmetries for
color-suppressed tree-dominated decays B, — K*07°,
p°K°, wK® and K*On are governed by the soft corrections
to a, [see Eq. (3.26)]. We see that QCDF and pQCD results
agree with each other in signs, whereas SCET predicts
opposite signs for these modes. Since the corresponding
rates of these decays are very small in pQCD, as a con-
sequence, the CP-violating asymmetries predicted by
pQCD are very large, of order 0.50 or even bigger.

In the pQCD approach, the penguin-dominated decays
B, — K°¢, K*K°, K*°K° have no direct CP asymmetry
as their decay amplitudes are governed by one type of
CKM matrix elements, e.g. V,, V7, for the first mode and
Vi Vi for the last two. As noticed before for the decay
B, — K°K°, NLO corrections from penguin loop interac-
tions can bring a weak phase necessary for a nonvanishing
CP violation. Therefore, it is important to carry out pQCD
calculations to NLO for those three modes. In the approach
of SCET, CP asymmetries of the decays B, — 7°¢ and
B, — p°(w)(n, n') also vanish. As explained in [14], there
is no charming penguins in these 5 channels and hence no
direct CP violation due to the lack of strong phases.

We use this chance to clarify one misconception about
CP violation under isospin symmetry. The isospin of the
final-state is 1 = 1 for B, — ¢x°, p°n") and I = 0 for
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TABLE VIII. Same as Table VII except for the direct CP asymmetries (in %) in B, — PV decays.

Modes Class QCDF (this work) PQCD SCET 1 SCET 2
B) — K*"m~ T —24.05,3759 —19.025830 70 —9.95167707 —1245,0300
B)—p K* T L7530 00 142535558507 1185001 10.8%56507
B) — K*On" ¢ —26.351057%%7 —47159 755870 22,9535 % 1347168703
BY — p°K° C 28971387539 73400005 —12.05554 757 32555473
B) — wK’ c —32.0%,735588 —S215558 1550 24,4757 18.25,60717
B) — K K* P —1LOZ3 ey —36.6253535013 —1125657 0 —1235)15708
B} — K"K~ P 25,5553 103 553145555555 7155550 9.6213576
BY — K*K° P 049005099 0 0 0
BY — K*K° P 0.10*908+0.05 0 0 0
BY — ¢K° P —-3.2514%98 0 =3.0133503 —2.2439%01
BY — ¢ Pry 82.27 1307355 1337503737703 0 0
BS—ptam Annihilation 1025057127 4.6100+2210¢
gorr e CpED g

s —0.8-3.6—0.1
B} — K"'n ¢ 40.02555 7835 512563513438 —25.75550038 —62.7555355
= ko ¢ cesiE il edd uni
1%5) — ¢n P —12.4755 505 18201 0602 21.3%%35°5% 1697153 16
B — ¢’ P 13.97 5485 78534804 44133708 78130708
BY — wn P, C —64.81 3445140 —16.75353* 51108 0 0
B — oy’ P, C —39.47551107 1T 00 0 0
B) — p'n Pry 7575136553 9.2%44739707 0 0
B) — p'n' Pew 87.4105 2503 258750 5613 0 0

B, — (¢, )n"). One may argue that there is no CP vio-
lation for these decays as they have only one isospin strong
phase (see e.g. [63]).” On the contrary, we found large
direct CP-violating effects in some of above decays (see
Table VIII). The point is that isospin phases should not be
confused with other possible strong phases in each of
topological amplitudes. In our study, CP asymmetries of

B, — pn") are large since the electroweak penguins domi-
nate over the color-suppressed tree amplitudes.

C. Test of U-spin and SU(3) symmetries

The pairs related by U-spin symmetry are [64] (B, —
K 7", B,— p K"), (B,— K p*,B,— K*"m),
(By— p 7w, B,— K" K"), (By— ptm,B,—
K*+K_)s (BdﬁKX:_KjL’BS_)p_W*—)a (Bd_)
KK B,—p'm),  (B,— KK B, — K*0KO),
(B, — K*K° B, — K*°K"). Note that unlike PP and
VV modes, B, — K*7° and B, — K°p" are not related
to B, — p°K° and B, — K*7°, respectively. Direct CP
asymmetries of the pairs listed above are related by U-spin
symmetry in analogue to Eq. (4.5) or Eq. (4.7). The test of
U-spin symmetry in B, — VP decays is shown in
Table IX. It turns out that U-spin symmetry is in general
acceptable.

5By the same token, it has been (wrongly) claimed that the

direct CP asymmetry is strictly zero in the charged B~ — 7~ 7°

decay.

Just as B, — PP decays, under the approximation of
negligible annihilation contributions to tree-dominated de-
cays and keeping only the dominant penguin annihilation
terms in penguin-dominated decays, SU(3) symmetry
leads to [45,48]

AB;— K"m) = A(Bg— p"7),
A(B;— p~K*) = A(By— p~ "),

_ _ 5.4)
AB,— K*"K") = A(B,— p*K"),
AB, — K* K") =~ AB,— K*~ 7).
Thus, we have the relations
BB,— K"7)=BB;— p*7),
BB, — p K*)= BB, — p~7"), ss
_ _ (5.5)
BB, —» K"'K")~=B(B,— p K),
BB, » K* K")~ B(B;, — K* 7™"),
and
Acp(By— K m7) = Acp(By— p*a7),
Acp(B;— p~K*) = Acp(B;— p~77),
_ N _ R (5.6)
Acp(By— K*"K™) = Acp(By— p"K™),
Acp(By — K*"K*) = Acp(By — K™~ ar).
Numerically,
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TABLE IX. Direct CP asymmetries (in %) in B; — VP decays via U-spin symmetry.

Modes B(1079) Acp (%) Modes Acp (%) (U-spin) Acp (%) (QCDF)
By — K"t 9.2%19°33 —12.15557 180 B)—p K* 9.1 L7535 00
By —p'K~ 8.673 1114 31971137138 BY— K" —39.6 —24.0712477
B — K"K 0.08 70017002 4.7+01%47 B —pta- 189 1027057154
2 ISt o £ Y mltae Ry e
s i 15 N st 2 g o e
B;— KK 0.47 017027 —3.5217°50 By — K™K 0.17 0.10Z007 002
BY— pta 9.2104%0> 227107482 BY— K"K~ 19.0 25.5%9301%3
BY— p -t 15.97 1197 4.4703+8 B — K K" —6.6 —11.0793+140

7.8 196 =9.2708

1137197 = 8.61723,

147537 = 159114, 57)
103737 =9.2138%

for branching fractions in units of 107® and

—24.0778 = —22.7782

2550187 =31.9732],

11751907 = 4.4538
—ILOZRE = —12.15588,

(5.8)

for direct CP asymmetries in %. Hence, the above SU(3)
relations are generally respected.

D. Mixing-induced CP asymmetry

As discussed before, due to the tiny phase in the B, — B,
mixing and in the CKM matrix element V.,V or V,, V},
mixing-induced CP violation S, is expected to be very
small in the penguin-dominated B; — ¢n' decays. This is
indeed borne out in all model calculations. The b — dg
penguin-dominated decay B; — K¢ has a large mixing-
induced CP asymmetry due to the fact that the CKM
matrix element V,, V", has a weak phase —v. More spe-
cifically,

A(Bs - KS¢) & ubV:;d[Al(tﬁag + A¢K(a’z + Bg)]
5.9)

To the approximation that a5, =~ a5, and B = B3, it is
clear that A(B; — Kg¢) = V, Vi, = |V, Vi leP. Thus,
Sp—kep = —sin2(B; + B) = —0.71 for B, ~=1° and
B = 21.58° [34]. In the pQCD approach, this decay is
dominated by the (S — P)(S + P) penguin annihilation
process with the CKM matrix element proportional to
Vi V3. Therefore, both QCDF and pQCD predict
Sp—kyp ~ 0(0.70). (However, no error estimate is done
in the pQCD calculation [11].) On the contrary, the SCET
result of Sz _ g 4 ~ 0.09 or —0.13 is dramatically different
from the QCDF and pQCD predictions. As explained in
[14], charming penguin contributions to B, — K¢ domi-
nates over penguin operators and the CKM matrix element
associated with charming penguins is V., V., Hence,
Sp—kp = —sin2B; = —0.03 is predicted by SCET
when penguin contributions are neglected. It should be
stressed that although both QCDF and pQCD approaches
have similar results for Sz _ k4. they differ in the predic-
tion of Acp(B;, — Kg¢): it is of order —0.03 in QCDF and
vanishes in pQCD for reasons mentioned above.

TABLE X. Same as Table VII except for mixing-induced CP asymmetries S in B, — PV decays. The parameter 7 = 1 except for

Ks(p°, o, ¢) modes where 1 s = —1. Note that the error estimate of Sz _x 4 is not available in the pQCD calculation [11].
Modes Class QCDF (this work) pQCD SCET 1 SCET 2

B = Kyl C 0NEHE 0STEEGGAE osodal 0By
B — Ko c oottt ol ol ool
BY— K¢ P —0.695001 5001 -0.72 0.092003001 —0.132003001
B~ an P 021000 8% T00STheteaenm  TO3%LTan 023TieTe
B d 098 goe-0s1 000 go-ag 0w 007 geeo0) 0 0 gern0l
Ben i 070 00 0% To02emioniot 002 enen 03 o
noen e PSR Cooamseen  TOToaae T L0Name
B Dew 008005 O aemen  OBexien DI awcan
o P Ew i o 1 s e 3 e 1 s 1 101 et = L
e Pew 0400 10 00 0k 0 09 @0 TO415emz00s
By — pm Annihilation —0.657503 000 —0.197 6002 0,02 0:02
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The study of CP violation for B, — K** K~ and K*~K™*
is more complicated as K** K™ are not CP eigenstates. The
time-dependent CP asymmetries are given by

I'(Bt) —» K**K*¥) — T'(BY(1) —» K**K™)
I'(Bt) = K**K*) + I'(BY(1) —» K**K™)

= (§ = AS)sin(Am,t) — (C = AC) cos(Amyt),
(5.10)

A=

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 (C = —Acp),
while AS and AC are CP-conserving quantities. In writing
the above equation we have neglected the effects of the
width difference of the B; mesons. Defining

A, =AB]— K*"K"),
A_, =AB'— K*K"),

A_, =AB?— K" K"),
A,_=AB'— K*"K"),

(5.11)
and
qB A+— 4B, A—Jr
A =—" —— A =" —— (5.12)
i PB, A, - PB, Ay
we have
1— A _|? A, |2 — 1A, _|?
Crac— TP AP -IA P
{1 7 WP R sV W
L= A l? AP —]ALP G
C—-AC= =
LA P AP+ 1AL
and
2ImA, - 2Im(e?PA, _A*
S+ AS= m+2: m(62 o +;),
1+ A _] A >+ A _] (5.14)
S—AS_ ZIm)l7+ _2Im(6’2iﬁ"‘A,+A$_+)

TIHALP A PrIALP

Hence we see that AS describes the strong phase difference
between the amplitudes contributing to B — K**K~* and
AC measures the asymmetry between I'(B? — K*TK ™) +
'B—K*K") and TI'(BY— K" K")+T(B)—
K*"K™).

Next consider the time- and flavor-integrated charge
asymmetry

_ AP HIAL P - AP - AP
AP+ 1A P+ AP+ 1AL P

A kx (5.15)
Then, following [34] one can transform the experimentally
motivated CP parameters A g+x and Cg-g into the physi-
cally motivated choices

—+|2 -1

_|K +—|2_1

_ _lx
P+ 1

L P

(5.16)

Apeig- =
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TABLE XI. Various CP -violating parameters in the decays
BY — K**K*. SCET results are quoted from [14].

Parameter QCDF (this work) SCET 1 SCET 2
Ak 0~19J—r8f8?1t8ﬁ
c —oos il oo oo
S —0.05566 00 —0.0256%7 7001 0.025605 000
ac oot —oootliebl o
A5 o33l oss il oa il
with
Kt :@A*+ -+ :@‘4** (5.17)
P, Ay P, A—+
Hence,
A B I'B— K**K™) —T'(BY— K*"K™")
KR TBY—- K"K ) +T(BY— K*K%)
_ Agx = Cpg — A xACkx
1 —ACgx — AgxCg ’
3 K*K k*kC kK (5.18)
I'BY— K*K*)—T'(B?— K*"K")
AK*fKJr -

T(BY— K*"K*) + [(BY — K" K")
_ Agg + Cprg + A ACrg
1 +ACK*K+.7‘.K*KCK*K ’

Note that the quantities Ag+=g= here correspond to A g+=g=
defined in [34]. Therefore, direct CP asymmetries Ag«+ g~
and Ag+- g+ are determined from the above two equations.
Results for various CP-violating parameters in the decays
B? — K**K* are shown in Table XI.

VL. 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 the factorizable amplitude
for B— VP(PV) here is given by (V(P)|J,|B)X
(P(V)|J*]0). The first hierarchy is due to the difference
of decay constants fy > fp and the second hierarchy stems
from the fact that the penguin amplitudes are proportional
to ay + rhag, as + rias, as — riag as + ryae, respec-
tively, for B— PP, PV, VP, VV with r¥ ~ O(1) > r}.
The same is also true in the B, sector. From Tables III, VII,
and XII we find

BB,— p K*")>BB,—p K")>BB,— 7 K*")
>B(B,— 7 K"),

B(B,— K*K~)>B(B,— K* K*)~ B(B, — K**K~)
> B(B, — K*~K*"), 6.1)

for tree- and penguin-dominated B, decays, respectively.
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TABLE XII.
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CP-averaged branching ratios in B, — V'V decays (in units of 10~°) obtained in various approaches. Presented are the

pQCD predictions taken from [11] and the QCDF predictions from this work and from [8] denoted by BRY.

Channel Class QCDF (this work) QCDF (BRY) pQCD Experiment [38,50]
B - K 13+0. S+4. 241441
B—p K T 21671309 52T 2097
B 'K c 132804 Ll antipi <67
B, — wK* C L1g3ss 1250 30H 0.3155.67" 006 005
B— K K™ P FRiE ortily 67
g ; oty oadil oesidies  <ion
B, — ¢K P 0372505920 04201203 0.652013 0 15004 <1013
B,— ¢¢ P 16.72073%° 2185114395 353483516500 24.0 = 8.9
B ¥0.440.47 +0.05+0.48 +0.09+0.10+0.01
5o o et th T Sgve ot G [
g p P o 111 - St 1 (e PR o
Ifs —pp Ann¥h¥lat¥0n 0.687) 04 053 0.347503-038 LOZ057032 00
B,— pgpo Annihilation 0.34t§;§%t+86%% ) 0.175501 4039 0.51i§;é%(%§;+{§g§;1§;+}0 " <320
B, — p’w Annihilation 0.004=00"00m <0.01 0.007 =5 007 6.001 -0.000
gs — ww Annihilation 0.19+0.02+0.21 0.11+0.01+0.20 0.39+0.09+0.13+0.01 -
5 -17-0.02-0.15 - 1-001-0.12 =97 -0.08—0.07-0.00

There exist two QCDF calculations of B, — VV [8,9].
However, only the longitudinal polarization states of B, —
VV were considered in [9]. The analysis in this work
differs from Beneke, Rohrer and Yang (BRY) [8] mainly
in three places: (i) the choice of form factors, (ii) the values
of the parameters p, and ¢y, and (iii) the treatment of
penguin annihilation contributions characterized by the
parameters 3; [see Eq. (2.10)] for penguin-dominated
VV modes. First, the form factors for B, — K* and B, —
¢ transitions we employ in Eq. (3.6) are smaller than the
ones (3.10) used by BRY. Second, BRY applied the values
pa(K*p) = 0.6 and ¢, (K* ) = —40° obtained from a fit
to the data of B — K*¢ to study B— K*p and B, — VV
decays. However, as pointed out in [42], the parameters
pa(K"p) = 0.78 and ¢,(K*p) = —43° fit to the data of
B — K*p decays are slightly different from the ones
pa(K*¢) and ¢4 (K* ). Therefore, within the framework
of QCDF, one cannot account for all charmless B — VV
data by a universal set of p, and ¢, parameters. This
explains why the B — K*p branching fractions obtained
by BRY are systematically below the measurements. In this
work, we choose p4, = 0.70 and ¢, = —55° (cf. Table II)
to describe B, — V'V decays. Third, as noticed in [42],
there are sign errors in the expressions of the annihilation
terms Ag’o and Ag’o obtained by BRY. As a consequence,
BRY claimed (wrongly) that the longitudinal penguin an-
nihilation amplitude ,8(3) is strongly suppressed, while the
[B5 term receives sizable penguin annihilation contribu-
tion. This will affect the decay rates and longitudinal
polarization fractions in some of B — K*p modes, as
discussed in details in [42]. In spite of the above-mentioned
three major differences in the calculations of this work and
BRY, it turns out that the calculated rates and f; shown in
Tables XII and X1V, respectively, are similar for most of
the B, — VV modes.

Recently CDF has reported a new measurement of B, —

¢ [50]

B(B, — ¢¢)
BB, —J/ o)
Using the branching fraction of B, — J/ s ¢ from Particle

Data Group (PDG) [38], updated to current values of
fs/f4 this leads to

= (1.78 = 0.14 = 0.20) X 1072, (6.2)

B(B, — ¢pp) = (240 +2.1 £2.7+82) X 1076,
(6.3)

where the error is dominated by the last uncertainty coming
from the J/ i ¢ branching fraction error. This new mea-
surement is slightly larger than the previous one of
(1473) X 107® [65]. Our prediction B(B; — ¢p¢) =
16.7 X 107° is consistent with experiment.

A few words on the penguin-dominated decays B, —
¢K** and B, — wde. Their branching fractions of order
1077 are much smaller than other penguin-dominated
K*K* and ¢¢ modes. This is because B, — ¢pK*0 is
induced by the b — d penguin transition. The amplitude
of B, — w¢ reads

1
\/EABA_»W = Ad,a,[ﬁpuaz +2af + Eang], (6.4)

The branching fraction due to the QCD penguin a3 =
as + as is small, only at the level of 10~7. Moreover, there
is a partial cancellation between QCD and electroweak
penguin contributions, making its rate even smaller.®

As seen from Table XII, pQCD predictions for the color-
suppressed tree-dominated modes p°K*® and wK*" are
much smaller than the QCDF results, whereas B(B;, —
dd) = O35 X 107°) is much larger than QCDF and the
CDF measurement [65].

°It was argued in [8] that the color-suppressed tree amplitude
a, is the largest partial amplitude in the decay B, — w¢p. We
found that this decay is still dominated by the QCD penguin,
though the contribution from «a, is not negligible.
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In analog to Eq. (4.12), there are three SU(3) relations
relating the rates of B, — VV and B, — VV:

BB,—K'*p )=BB,—pp)

BB, — K*"K*") =~ B(B,— K* p™), (6.5)
B(B, — K"K**) = B(B~ — K*p").
Numerically, we have
21.6 t16 = 242731 74723 = 89749
32 32 21 5.6 6.6)

6.6 £22=92=*15

in u_nits of 1079, where use of the theoretical calculation of
B(B, — K* p*) from [42] has been made.

B. Direct CP violation

Direct CP asymmetries in QCDF and pQCD approaches
are summarized in Table XIII.

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

ﬁyﬂ:ﬁ+=1(ﬁﬁﬁﬁﬁﬁf

my myp

6.7)

Hence, they are dominated by the longitudinal polarization
states and satisfy the scaling law, namely [66],

fL_

S

2
my

)

2
B

my

szl—fL=(9< 1+(9< ) (6.8)

mpg

with f,, f1, f and f being the longitudinal, perpendicu-
lar, parallel and transverse polarization fractions, respec-
tively, defined as

PHYSICAL REVIEW D 80, 114026 (2009)
| A2
| Al + | A + | AL>

_ L
T

fa

(6.9)

with @« = L, ||, L. In sharp contrast to the pp case, the
large fraction of transverse polarization of order 0.5 ob-
served in B — K*p and B — K*¢ 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*p, K* ¢, this scal-
ing law must be circumvented in one way or another.

As pointed out by Yang and one of us (H. Y.C.) [42], 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 (6.7)
with Agcp/m;, replaced by 2my /my for the light vector
meson production, one needs to consider the effects of
helicity-dependent  Wilson ~coefficients: A~/ A0 =
flai)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(a?) 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*0p") so that even at the short-distance
level, £, 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, eg. 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

TABLE XIII. Same as Table XII except for direct CP asymmetries (in %) in the B, — VV
decays.

Channel Class QCDF (this work)  QCDF (BRY) pQCD

B, —p K" T —H4 -3 —82550 7

B — pK c 467450 s eLsT
souce o wdl o Sebh e
gx : g*olgo ﬁ 2(1)2‘2;(f8+0.6 %181}5 (9)-3—().7—36—0.2

BS — d)K*O P 79""3_‘*215_0.4 _ 17191:-8 0

BS . ¢¢ P 0721-;0§4+045 1:8:(1) 0

75 -£-0.3-02 —-0-0

B — bu reo st sl semeni

B~ by’ Pov sl RS B i

B,—ptp~ Annihilation 0 —2.150311 7401

B, — p0p° Annihilation 0 —2.1702 17+

B, — p'w Annihilation 0 6.0751*27+ 19

B,— ww Annihilation 0 —2.0501F 17401
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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 approach relies on penguin annihilation [66], soft-
collinear effective theory invokes charming penguin [67]
and the final-state interaction model considers final-state
rescattering of intermediate charm states [68—70]. A nice
feature of the (S — P)(S + P) penguin 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 VV modes. Hence, within the frame-
work of QCDF we shall assume weak annihilation to
account for the discrepancy between theory and experi-
ment, and fit the existing data of branching fractions and f;,
simultaneously by adjusting the parameters p, and 4.
Then using this set of annihilation parameters as a guide-
line, we can proceed to predict the rates and f; for other
V'V decays of the B, ; ; mesons.

Acp(By— K** p~) = —Acp(B4— K p™)
Acp(By— K*'K*™) = —Acp(B4— pTp7)
Acp(B, — KK*) = —Acp(B; — KOK*)
Acp(By — K*p°) = —=Acp(B; — K0p°)

Acp(By— pTp7) = —Acp(By;— K*TK*7)

In Table XV we compare the results of CP asymmetries
inferred from U-spin relations with the direct QCDF cal-
culations. It appears that U-spin symmetry works well in
the V'V sector.

PHYSICAL REVIEW D 80, 114026 (2009)

The longitudinal polarization fractions in B; — VV de-
cays obtained in the QCDF and pQCD approaches are
summarized in Table XIV. Transverse polarization effects
are sizable in penguin-dominated B, — V'V as expected.
However, the pQCD calculations indicate that f; ~ fr ~ %
even for the color-suppressed tree-dominated decays B, —
K*°(p° w). This is an astonishing result and should be
checked by experiment. Polarization fractions of B, —
@ ¢ will be studied soon by CDF. It will be very interesting
to see if the transverse polarization is also important in the
penguin-dominated B, decays.

D. U-spin symmetry

Analogous to the B, — PP sector, U-spin symmetry
leads to the following relations:

B(B,— K*"p*) 7(B,)
BB, — K p~) 7(By)’
B(B,— p*p~) 7(B,)
B(B, — K*"K*™) 7(B,)
B(B, — K*K*9) 7(B,)
B(B; — K*K*) 7(B,)’
BB, — K*p°) 7(By)
B(B; — K*0p°) 7(B,)’
BB, — K*"K*") 7(B,)
BB, —pFp7) 7(By)

5

(6.10)

Assuming that the transverse amplitude can be ex-
pressed as a single dominant contribution which may arise
from new physics, U-spin symmetry implies that the trans-
verse amplitudes of B, — V'V can be related to the U-spin

TABLE XIV. Same as Table XII except for the longitudinal polarization fractions in the By — VV decays.

Channel Class QCDF (this work) QCDF (BRY) pQCD
By K T 09248140 e =R T
5= K" c g0 {41 ool oassl el U
B~ wk” c 090t EHE 003 AR ottt
B — KK ’ 052 iR oot oass i
B — KK r 06 b oca S oasr AN
B, — oK , o34l oaotildi  or2 S
B~ b0 r 0367 ol oo il
B~ do P.c oos 4l a3l 0
B, — oy’ Py oss 444 osiggrgy  osno AR
B,—pp” Annihilation 1 ~1

B, — p°p° Annihilation 1 ~1

B, — p’w Annihilation 1 ~1

B, — ww Annihilation 1 ~1
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TABLE XV. Direct CP asymmetries (in %) in B, — VV decays via U-spin symmetry.

Modes B(1079) Acp (%) Modes Acp (%) (U-spin) Acp (%) (QCDF)
BY— K p* .97 48 3271%3, BY— K**p~ -10.2 11t
By — K*p" 4.6709732 —15+4H1¢ By — K*p" 42.3 4618
BY—ptp- 25.50 Lo+ —470%3 B — K*" K"~ 18.7 2173
By — KK 0.6501203 —1451%S By — KK 0.5 0.4%50
B — K*TK*~ 0.1555:01 701 0 BY— ptp~ 0 0
related decays in the B, sector via [71] E. Time-dependent CP violation
_ _ In principle, one can study time-dependent CP asym-
*0 70 ’
‘AT(I? s If k™) ~ Vis &, metries for each helicity component,
Ar(B;— KOK™) Via | [, 611
A - : [(BY%1) — v, Vi) = T(B%1) — V,, V!
ﬂT(Bd—’(bK O) V,, de A1) = (_s()_’ h h) ( s()_’ h h)
= =0 | |7 LBy — v, Vi) + T(BY(t) — V,,V})
Ar(By— ¢K™) Via | [B, S h s h

Therefore,

BB, — KOK™)
BB, — KOR)’
B(B, — $K*)
B(B,— ¢K*)
(6.12)

fr(B; — KK™)
fT(Bd — KK™)
fT(Bd - ¢k*0)
fT(BS - ¢K*O)

~ (25.5 £ 6.5)

~ (19.3 £4.9)

The polarization measurement in the B, decay thus allows
one to predict the transverse polarization in the B, decay.’
Using the data [47]

B (B, — K*K*™) = (1.28+031) X 1076,
fr(B;— K*°K*) = 0.807513,
BB, — $K*°) = (9.8 £ 0.7) X 1076,
fL(B;— $K*) = 0.48 £ 0.03,

(6.13)

and QCDF predictions for B(B;, — K**K*°) and B(B; —
¢ K*0), we obtain

Fr(B, = K*OK*) = 1.02 + 0.28,

_ (6.14)
fr(By; — ¢K*°) = 0.73 £ 0.19.

It is obvious that the central value of the predicted f7(B; —
K*9K*0) via U-spin symmetry is too large. Note that there
is a discrepancy between the QCDF prediction of B(B,; —
K*OK*) = (0.6%9%) X 107° [42] and the BABAR measure-
ment B(B; — K*0K*0) = (1.281937) X 107° [73]. We
need to await a more precise measurement of B, —
K*K*0 in order to have a more accurate prediction of its
transverse polarization fraction via U-spin symmetry.

"Based on SU(3) flavor symmetry, it has been shown in [72]
that the transverse polarizations of B, — ¢¢ and B; — K0
can be related to B, — ¢K** and B, — K*°K*0, respectively.

= S, sin(Am,r) — C), cos(Amr), (6.15)
where the effects of the width difference of the B, mesons
have been neglected. From Table XII we see that there is
only one decay mode of particular interest, namely, B, —
@ ¢. Indeed, this could be the most promising channel for
the forthcoming LHCb experiment. This channel is a pure
b — s5s penguin-induced process and hence provides an
ideal place for exploring the signal of new physics via B, —
B, mixing and/or the penguin process. The other decays
such as B, — pp, p’w, ww proceed through weak anni-
hilation. The modes ¢ and ¢p° receive QCD penguin
and electroweak penguin contributions, respectively, but
their rates are too small. A straightforward calculation
gives

B, = (5.9710133) x 1076,  C, = (0510114,
S = (=0.5501% )%, (6.16)

for the longitudinal component of B; — ¢ ¢. Note that S
is found to be positive and small = 0.02 in [9], while our
result is negative for S;. An observation of large CP
violation in this decay will rule out the scenario of minimal
flavor violation. Time-dependent CP violation will be
studied at LHC. If LHCb is upgraded to accumulate data
sample of 100 fb~!, the sensitivity of S B,—¢, 4, Will reach
the level of 0.01 ~ 0.02.

VII. CONCLUSIONS

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 power corrections to the penguin
annihilation topology and to color-suppressed tree ampli-
tudes that are crucial for resolving the CP puzzles and rate
deficit problems with penguin-dominated two-body decays
and color-suppressed tree-dominated 7°7° and p°#7°
modes in the B, ; sector. Our main results are
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(i) Many model-independent relations for CP asymme-

(i)

(iii)

(iv)

)

(vi)

(a

~

tries and branching fractions of B, and B, decays can
be derived under U-spin and SU(3) symmetries for
PP, VP, VV modes. In general, they are either
experimentally verified or theoretically satisfied.
There are also a few U-spin relations for transverse
polarizations in B, — V'V decays.

For the B; — K transition form factor, we use a
smaller one, FB:X =~ 0.24 at ¢*> = 0 obtained by
the lattice calculation, to avoid too large rates for
B, — K'7~, K"K~ decays.

Both QCDF and SCET indicate that the penguin-
dominated decay B, — 1’7/, the analog of B — K7’
in the B, sector, has the largest branching fraction of
order ~50 X 107® in two-body hadronic decays of
the B; meson, whereas the pQCD approach claims
that B(B, — nn’) = 35 X 107° is the largest one.
Even at the decay rate level, there are some notice-
able differences between various approaches. The
branching fractions of the color-suppressed tree-
dominated decays obtained by pQCD, for example,
B, — K°7°, KO0, K*07°, pOK?, wK®, K*On' are
typically smaller by 1 order of magnitude than that
of QCDF and SCET. For example, B(B, — p°K?) is
predicted to be of order 1.9 X 10~® by QCDF, but it
is only about 0.08 X 107° in pQCD. In the QCDF
approach, many of the above-mentioned decays get a
substantial enhancement from the power corrections
to the color-suppressed tree topology.

The decay rate of B, — ¢’ is sensitive to the B, —
¢ transition form factor Ag‘¢(0). For Agqu(O) =
0.474 obtained by the light-cone sum-rule method,
a near cancellation between B, — ¢, and B, —
¢m, occurs in the decays B, — ¢n', so that its
branching fraction, of order 1077, becomes very

small. However, if the value Ag 2(0) = 0.30 favored
by many other model calculations is employed, then
B, — ¢, and B; — ¢n, will contribute construc-
tively to B, — ¢ 7’ so that B(B, — ¢n') = 2.2 X
107% and B(B, — ¢n) = 1.0 X 107°. Hence, it is
very important to measure the branching fractions of
B, — ¢n") to gain the information on the form

f o

actor A"

Measurements of CP-violating asymmetries can be
used to discriminate between QCDF, pQCD and
SCET approaches:

Both QCDF and pQCD predict a positive sign for
Acp(B; — K°7%), whereas SCET leads to a nega-
tive one. This can be traced back to fact that
Acp(B; — K°7%) is positive in SCET, while it is

(b)

(©

(vii)

(viii)

(ix)

PHYSICAL REVIEW D 80, 114026 (2009)

negative inferred from the CP-asymmetry sum-rule,
SU(3) relation and the topological quark diagram
analysis.

For color-suppressed tree-dominated decays B; —
K70, p°K°, wK®, K**%', QCDF and pQCD re-
sults are of the same sign, whereas SCET predicts
opposite signs for these modes. In the QCDF ap-
proach, the signs of these CP asymmetries are gov-
erned by the soft corrections to a,. Since the
corresponding rates of these decays are very small
in pQCD, as a consequence, the CP-violating asym-
metries predicted by pQCD are very large, of order
0.50 or even bigger.

In the QCDF framework, the penguin-dominated
decays B, — K¢, K*°K°, K*°K° have nonvanish-
ing CP asymmetries, though very small for the last
two modes, whereas leading order pQCD predicts
no CP violation for these three decays.
Mixing-induced CP asymmetries of the penguin-
dominated decays B, — K°K°, n''n"), ¢7', ¢
are predicted to be very small in the SM.
Especially, we found Sz .4 4, ~ —0.5%. They are
sensitive to new physics and provide possibilities of
new discoveries. While both QCDF and pQCD ap-
proaches predict Sz x4 ~ 0(0.70), the SCET re-
sult of 0.09 or —0.13 is dramatically different.
Because of soft power corrections to the color-
suppressed tree amplitude, we find that such effects
will convert the sign of mixing-induced CP violation
Sy into the positive one for the color-suppressed
decays B, — K¢(7°, 1, ). Therefore, even the
measurements of the sign of S _ (50, ., Will be
helpful to test if “a,” has a large magnitude and
strong phase.

Transverse polarization effects are sizable in
penguin-dominated B, — VV  as  expected.
However, the pQCD approach predicts that f; ~
fr~ % even for the color-suppressed tree-dominated
decays B; — K*(p°, w). This should be tested by
experiment.
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