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Motivated by the recent indications of the possibility of sizable deviations of the mixing-induced CP
violation parameter, Sy, in the penguin-dominated b — sqq transition decays such as B’ —
(¢, w, p° ', m, 7°, fo)Kg from sin23 determined from B — J/Ks, we study final-state rescattering
effects on their decay rates and CP violation. Recent observations of large direct CP asymmetry in modes
such as B — K*7r~, p~ @™ suggest that final-state phases in two-body B decays may not be small. It is
therefore important to examine these long-distance effects on penguin-dominated decays. Such long-
distance effects on S are found to be generally small [i.e. O(1 — 2%)] or negligible except for the wK
and p°K¢ modes where S + is lowered by around 15% for the former and increased by the same percentage
for the latter. However, final-state rescattering can enhance the wKs, ¢Ks, 'Ky, p°Ks, and 70K rates
significantly and flip the signs of direct CP asymmetries of the last two modes. Direct CP asymmetries in
oKy and p°K channels are predicted to be A, ks =~ —0.13 and A jx =~ 0.47, respectively. However,
direct CP asymmetry in all the other » — s penguin-dominated modes that we study is found to be rather
small ( =< a few percent), rendering these modes a viable place to search for the CP-odd phases beyond the
standard model. Since AS; (= —n;S; — §;/yk,, With 7, being the CP eigenvalue of the final state f)
and A ; are closely related, the theoretical uncertainties in the mixing-induced parameter S and the direct
CP asymmetry parameter A , are also coupled. Based on this work, it seems difficult to accommodate
|AS ;| > 0.10 within the standard model for B° — (¢, w, p°, 7, 0, 7°)Ky; in particular, n'K is especially
clean in our picture. For f(Kyg, at present we cannot make reliable estimates. The sign of the central value
of AS for all the modes we study is positive but quite small, compared to the theoretical uncertainties, so

that at present conclusive statements on the sign are difficult to make.
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I. INTRODUCTION AND MOTIVATION

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

L(B(1) = f) —T(B(®) — f)
L'(B(t) — f) + T(B(1) = f)

= Sy sin(Ami)

+ Ajcos(Amt), (1.1)

where Am is the mass difference of the two neutral B
eigenstates, Sy monitors mixing-induced CP asymmetry,
and A ¢ measures direct CP violation (in terms of the
BABAR notation, Cy = — A ). The CP-violating parame-
ters A, and Sy can be expressed as

1— A 2ImA
A, =—— = 1.2
T+ AP AN ENWE (-2
where
4z AB =) (1.3)
ps AB® — f)

In the standard model A; = 7 e ~2# [see Eq. (2.14) below]
for b — s penguin-dominated or pure penguin modes with
ny = 1 (— 1) for final CP-even (odd) states. Therefore, it
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is expected in the standard model that —7 S, =~ sin28 and
A, =0 with B being one of the angles of the unitarity
triangle.

The mixing-induced CP violation in B decays has al-
ready been observed in the golden mode B® — J /K for
several years. The current average of BABAR [1] and Belle
[2] measurements is

sin2 = S;/yx, = 0.726 = 0.037. 1.4)
However, the time-dependent CP asymmetries in the
b — sqg-induced two-body decays such as B°—
(¢, w, 1, 1/, fo)Kg are found to show some indications
of deviations from the expectation of the SM. The BABAR
[3] and Belle [4] results and their averages are shown in
Table I. In the SM, CP asymmetry in all above-mentioned
modes should be equal to S;/,x with a small deviation at
most O(0.1) [5]. As discussed in [5], this may originate
from the O(A?) truncation and from the subdominant
(color-suppressed) tree contribution to these processes.
From Table I we see some possibly sizable deviations
from the SM, especially in the 'Ky mode in which the
discrepancy AS,x = —0.30*0.11 is a 2.70 effect
where
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TABLE I. Mixing-induced and direct CP asymmetries — 7S (first entry) and A, (second
entry), respectively, for various penguin-dominated modes with 7, being the CP eigenvalue of
the final state. Experimental results are taken from [3,4].

Final state BABAR [3] Belle [4] Average
HKs 0.50 = 0.257007 0.08 = 0.33 =+ 0.09 0.35 = 0.20
—0.00 = 0.23 = 0.05 0.08 £ 0.22 * 0.09 0.04 +0.17
wKg 0.50793% +0.02 0.76 = 0.657013 0.55703
0.56+32 + 0.03 0.27 + 0.48 * 0.15 0.48 + 0.25
n'Ks 0.30 = 0.14 = 0.02 0.65 = 0.18 = 0.04 0.43 £ 0.11
0.21 = 0.10 = 0.02 —0.19 £ 0.11 £ 0.05 0.04 = 0.08
7Ky 0.35753% + 0.04 0.32 = 0.61 = 0.13 0.34793]
—0.06 = 0.18 = 0.03 —0.11 = 0.20 = 0.09 —0.08 = 0.14
foKs 0.957023 + 0.10 —0.47 = 0.41 = 0.08 0.39 + 0.26
0.24 £0.31 £ 0.15 —0.39 = 0.27 = 0.09 —0.14 £ 0.22

If this deviation from S,k is confirmed and established in
the future, it may imply some new physics beyond the SM.

In order to detect the signal of new physics unambigu-
ously in the penguin b — s modes, it is of great importance
to examine how much of the deviation of S from §;,,x is
allowed in the SM [5-10]. In all these previous studies and
estimates of ASy, effects of final-state interactions (FSI)
were not taken into account. In view of the striking obser-
vation of large direct CP violation in B — K= 7", it is
clear that final-state phases in two-body B decays may not
be small. It is therefore important to understand their
effects on AS,.

The decay amplitude for the pure penguin or penguin-
dominated charmless B decay in general has the form

M(B° = f) = Vi Vi F* + Vo, VEFE + Vy, V' (1.6)

Unitarity of the Cabibbo-Kobayashi-Maskawa quark-
mixing matrix (CKM) elements leads to

M(EO - f) = Vub V;sA;i + Vcb V:SA;

~ ANR,e AL+ ANAS,  (17)

where A}=F”—Ft, AJ”,=F”—F’, R, =
|Vuqub/(Vchcb)| = Vﬁz + 7_72 with p’ f” A’ A being
the Wolfenstein parameters [11]. The first term is sup-
pressed by a factor of A? relative to the second term. For
a pure penguin decay such as B — ¢K?, it is naively
expected that A% is, in general, comparable to A} in mag-
nitude. Therefore, to a good approximation —n,S; =
sin2B =~ §;/,k. For penguin-dominated modes such as
wKs, p°Ks, m°Kg, A} also receives tree contributions
from the b — uiis tree operators. Since the Wilson coeffi-
cient for the penguin operator is smaller than the one for
the tree operator, A} could be significantly larger than A%.
As the first term carries a weak phase v, it is possible that
S is subject to a significant “tree pollution.” To quantify
the deviation, it is known that to the first order in re=

(A A /(AAS) [8.12]

AS; = 2|ry| cos2Bsiny coséy, 1.8)
A, =2|rs|sinysind,, .

with &, = arg(A%/A$). Hence, the magnitude of the CP
asymmetry difference AS; and direct CP violation are
both governed by the size of A?/A;. However, for the
aforementioned penguin-dominated modes, the tree con-
tribution is color suppressed and hence in practice the
deviation of S is expected to be small [5]. (However, we
shall see below that a sizable AS; can occur in @Ky and
p°K¢ modes. For a review of model calculations of AS s
see [13].)

Since the penguin loop contributions are sensitive to
high virtuality, new physics beyond the SM may contribute
to S through the heavy particles in the loops (for a review
of the new physics sources contributing to Sy, see [14]).
Another possibility is that final-state interactions are the
possible tree pollution sources to Sy. Both A} and A% will
receive long-distance (LD) tree and penguin contributions
from rescattering of some intermediate states. In particular,
there may be some dynamical enhancement of light
u-quark loop. If tree contributions to A} are sizable, then
final-state rescattering will have the potential of pushing S,
away from the naive expectation. Take the penguin-
dominated decay B — wK" as an illustration. It can pro-
ceed through the weak decay B — K*~ 7" followed by
the rescattering K*~ 7" — wK?. The tree contribution to
BY — K*~ 7", which is color allowed, turns out to be
comparable to the penguin one because of the absence of
the chiral enhancement characterized by the ag penguin
term. Consequently, even within the framework of the SM,
final-state rescattering may provide a mechanism of tree
pollution to S;. By the same token, we note that although
B° — @K is a pure penguin process at short distances,
it does receive tree contributions via long-distance
rescattering.
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In this work, we shall study the effects of final-state
interactions on the time-dependent CP asymmetries S, and
./’qf. In [15] we have studied the final-state rescattering
effects on the hadronic B decays and examined their im-
pact on direct CP violation. The direct CP-violating partial
rate asymmetries in charmless B decays to 77/ 7K and
pr are significantly affected by final-state rescattering and
their signs are generally different from that predicted by
the short-distance (SD) approach such as QCD factoriza-
tion (QCDF) [16-18]. Evidence of direct CP violation in
the decay B — K~ 7" is now established, while the com-
bined BABAR and Belle measurements of B® — p= 7™
imply a 3.60 direct CP asymmetry in the p™ 7~ mode
[19]. In fact, direct CP asymmetries in these channels are a
lot bigger than expectations (of many people) and may be
indicative of appreciable LD rescattering effects, in gen-
eral, in B decays. Our predictions for CP violation agree
with experiment in both magnitude and sign, whereas the
QCD factorization predictions (especially for p*7~) [18]
seem to have some difficulties with the data.

Besides some significant final-state rescattering effects
on direct CP violation, another motivation for including
FSIs is that there are consistently 2 to 3 o deviations
between the central values of the QCDF predictions for
penguin-dominated modes such as B— K'm, K¢,

|
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K*$, Kn' and the experimental data [18]. This discrep-
ancy between theory and experiment for branching ratios
may indicate the importance of subleading power correc-
tions such as FSI effects and/or the annihilation topology.

Since direct CP violation in charmless B decays can be
significantly affected by final-state rescattering, it is clearly
important to try to take into account the FSI effect on the
mixing-induced and direct CP asymmetries S, and A ; of
these penguin-dominated modes. The layout of the present
paper is as follows. In Sec. II we discuss the short-distance
contributions to the b — sqg transition decays B° —
(¢, o, p°, 7°, ', m, fo)Ks within the framework of QCD
factorization. We then proceed to study the final-state
rescattering effects on CP asymmetries S; and A, in
Sec. III. Section IV contains our conclusions.

II. SHORT-DISTANCE CONTRIBUTIONS

A. Decay amplitudes in QCD factorization

We shall use the QCD factorization approach [16—18] to
study the short-distance contributions to the decays B® —
(¢, w, p°, 7°, 1, , fo)K°. In QCD factorization, the fac-
torization amplitudes of the above-mentioned decays are
given by

R VHalB) = L (s e3) Y A,,{[@ +as)(KOB) + (af + ral)(KOB) — 3 (ar + a9><F°¢>}zf¢m¢FfK<m;>

VF_ p=u,c

= 72
+ foKf¢[b3(K°¢>) - %bEW(K%)} %

R = (o 53) 3 4, [ axRw)s] + 2as + a5)(R) + 5 a7 + ) K)oy, P ()

p=u,c

: oy -
+| (@} = ) @K 5 (afy — mEaD)@R®) of e, A5 )

# fufxf] 20K — 3P K

2mw}
2 b
mp

PROVE) = Fpn5) 3 Ml ax®0)5L + 30 + ao) @) [, PP ) ~ [ ]~ o R)

p=u,.c

1 — _ 1 .72
~ 3l - u§a§>(pK0>}2mepA§’J<m%<> - foKfp[bs(pK‘)) - 5”5‘”("’(0)}%}’

B

— — G — 3 —
@RVHB) =i 5 Al aa®5L + 3 e ROn) | 0n)0m5 = )

p=u,c

1

R 5 e (PR | k) — i) = Fufcf o ba(2RO) = 568 R0 ||

2
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(RO H B = i

p=u,c

+ folax (KO

)87 + a5(K°ql.
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q

f _ _ _
CE S AP | 2 xR+ 20 (RO) + 5 s (KO |

| as(® X 1 = 1 _
* fi/[%(KOn‘/‘) + aff(KOm;) — 5“3,EW(K077§) - ECVZEW(W{YKO)}}

+ FS7 (m2)(m3 —

"'

[ (’KO)—lamw(n'KO)}

# fufe( 5y 1y ) BB~ 388 ) ]|

(foK°|Heg|BY) = —

Z M| @ =k

[)ML

+ (2af — ag)(K°fo)f

where F| o and A, denote pseudoscalar and vector form

factors in the standard convention [20], A, =V, V;‘,
az(M\M,) = a3(M\M,) — as(MM,),
af (M\My) = af} (M M) + ry*al (M, M,), 0
azpw(M My) = —a;(M\M,) + ag(M| M), '
oy gw(M\My) = afy(MM,) + eraé’(Mle),
and
2 : 2m?
rf(,u,) _ mg, f¢ (M), r;(,u,) _ L’
my,(p) fo 2mh(M)mq(M)
2m?
) = x ,
()T, (w) + my()]
() () Ty 23)
r = — , )
L 2mh(u)ms(u)< ﬁf;)

with the scale dependent transverse decay constant f‘%
being defined as

V(p. e")go,,q'10) = 2.4

i (pues — poey).
Note that the a4 penguin term appears in the decay ampli-
tude of B" — ¢K° owing to the nonvanishing transverse
decay constant of the ¢ meson. The scalar decay constant
£, of £0(980) in Eq. (2.1) is defined by (fog4ql0) = m; f,.
The decay amplitude for B° — 5K is obtained from B® —
1'K° by replacing ’ — 7. Note that the use of nonzero ¢>
in the argument of form factors in Eq. (2.1) means that
some corrections quadratic in the light quark masses are
automatically incorporated.

The effective parameters a’ with p = u, ¢ can be calcu-
lated in the QCD factorization approach [16]. They are

)R 5 ey = AR | i oy = )

_ _ _ 1 _
" P o = ) = Fuf (7 + P ok = 5680k |

\
basically the Wilson coefficients in conjunction with short-
distance nonfactorizable corrections such as vertex correc-
tions and hard spectator interactions. In general, they have
the expressions [16,18]

Cix1 | Cix1 Crag

a’(M\M,) = ¢; + +
A Y e
4772 »
x| Vi) + S H ) | + PO,

(2.5)

where i = 1, ..., 10, the upper (lower) signs apply when i
is odd (even), c; are the Wilson coefficients, Cp = (N? —
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;(M M) for hard spectator interactions with a hard gluon
exchange between the emitted meson and the spectator
quark of the B meson, and P;(M,) for penguin contrac-
tions. The explicit expressions of these quantities together
with the annihilation quantities b3 and b can be found in
[16,18].

For B — 'K decay, 7} and 7’ in Eq. (2.1) refer to
the nonstrange and strange quark states, respectively, of
n"). The decay constants f Z”j;c are defined by

. i

(PG, vsql0) = —ﬁf‘j]u)pw

(mO(p)I5y,, yss10) = ~if P (2.6)
(U(/)(P)|5'Yﬂ'}’50|0> = _if:](/)p,u’

with ¢ = u or d. Numerically, we shall use [21]
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£l =89 MeV, f3, =131 MeV,

foy = —6.3 MeV, 7 =108 MeV, 2.7)

fi=—-111MeV,  f¢=—2.4MeV,

recalling that, in our convention, f, = 132 MeV. As for
the B — 77(/) form factor, we shall follow [17] to use the

. 9] .
relation Fg" = (f j’?(,) /f ; ) F§™ to obtain the values of the
) . .
form factors Fg . The wave functions of the physical 7’

and 7 states are related to that of the SU(3) singlet state 7,
and octet state ng by

1 = Mg cos$ — ngsing,
(2.8)

n' = mgsing + nycosd,

with the mixing angle ¢ = —(15.4 = 1.0)° [21].

The decay B — f,(980)K has been discussed in detail in
[22]. Since the scalar meson f(980) cannot be produced
via the vector current owing to charge conjugation invari-
ance or conservation of vector current, the tree contribution
to B® — f,K° vanishes under the factorization approxima-
tion. Just as the SU(3)-singlet 7, f¢(980) in the two-quark
picture also contains strange and nonstrange quark content

[£0(980)) = |5s) cosf + |in) sind, (2.9)
with 7in = (iiu + dd)/+/2. Experimental implications for
the mixing angle 8 have been discussed in detail in [22,23];
it lies in the ranges of 25° < # <40° and 140° <6 <
165°. Based on the QCD sum-rule technique, the decay
constants f and f, defined by (f{|gql0) = mfofq with
fo = an and f3 = §s have been estimated in [22] by
taking into account their scale dependence and radiative
corrections. It turns out that f (1 GeV) =~ 0.33 GeV [22],
for example. In the two-quark scenario for f,(980), the
decay constants fn,s are related to f,,,s via [22]

fs=f,cosb, fn = fsind. (2.10)

The hard spectator function relevant for B — f,K decay
has the form

Fufs  [1dp ' dg
g jo 2 u(p) ﬁ) 7 k()

tdy 2my, € g
xﬂ) : [cpfo(nw - gq)fo(n)} @.11)

H;(foK) =

fori=1,4,10,and H; = O0fori = 6,8, where § = 1 — ¢
and 7 = 1 — 7. As for the parameters ag's(K°f,) appear-
ing in Eq. (2.1), they have the same expressions as
ag(foK") except that the penguin function Gy [see
Eq. (55) of the second reference in [16]] is replaced by
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G, and ®f by ®f . For the distribution amplitudes @,
CI);0 and the annihilation amplitudes, see [22] for details.
Although the parameters a;(i # 6,8) and aggr, are
formally renormalization scale and 75 scheme indepen-
dent, in practice there exists some residual scale depen-
dence in a;(w) to finite order. To be specific, we shall
evaluate the vertex corrections to the decay amplitude at
the scale w = m,,. In contrast, as stressed in [16], the hard
spectator and annihilation contributions should be eval-

uated at the hard-collinear scale u, = /uA, with A, =
500 MeV. There is one more serious complication about
these contributions; that is, while QCD factorization pre-
dictions are model independent in the my; — oo limit,
power corrections always involve troublesome endpoint
divergences. For example, the annihilation amplitude has
endpoint divergences even at twist-2 level and the hard
spectator scattering diagram at twist-3 order is power sup-
pressed and possesses soft and collinear divergences aris-
ing from the soft spectator quark. Since the treatment of
endpoint divergences is model dependent, subleading
power corrections generally can be studied only in a phe-
nomenological way. We shall follow [16] to parametrize
the endpoint divergence X, = [} dx/(1 — x) in the anni-
hilation diagram as

X, = ln<@>(l + paeiPn) (2.12)
Ay

with p, = 1. Likewise, the endpoint divergence Xy in the
hard spectator contributions can be parametrized in a simi-
lar way.

B. Consideration of mixing-induced CP asymmetry

Consider the mixing-induced CP violation in the decay
modes (¢, o, p°, 7°, 7', n, fo)Ks mediated by b — sqg
transitions. Since a common final state is reached only
via K% — K° mixing,

g5 q9x A(B" — MK")

Ap=—— 0 0

P Pk A(B” — MK")
_ ViV ViVes AB° — MK®)
thvt*d Vch:s A(BO - MKO)

(2.13)

We shall use this expression for A; to compute CP asym-
metries S; and A ;. For M =V, A(B° — VK") has the
same expression as —A(B° — VK°) with the CKM mixing
angles A, — A% owing to CP|[VK®) = —|VK"), while for
M =P, A(B" — PK") is obtained from A(B° — PK")
with A, — Ay, If the contributions from V,,V,, terms
are neglected, then we will have
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A(B" — MK") VeaVes Via i
~ =\, = ¢ = —2ip
A(BY =MK% VVEv,, Sy e
— 1,8, ~ sin2B. (2.14)

Note that 7]}4 =1 for fOKS
((rb’ w, pO, 77/, , 77-O)I(S'

From Eq. (2.1) we see that among the seven modes under
consideration, only wKs, p°Ks, 7Ky, and n) Ky receive
tree contributions from the tree diagram b — sqq (¢ =
u, d). However, since the tree contribution is color sup-
pressed, the deviation of —7 /S from sin2f3 is expected to
be small. Nevertheless, the large cancellation between ay
and ag penguin terms in the amplitudes of B — wK" and
B? — p°K? render the tree contribution relatively signifi-
cant. Hence, AS/ is expected to be largest in the wKg and
p°Kg modes. Since the typical values of the effective
Wilson parameters obtained from Eq. (2.5) are

a, = 0.18 — 0.114, az = —0.003 + 0.005i,
as = 0.008 — 0.006i, ajf = —0.03 — 0.02i,

(2.15)
a5 =~ —0.03 - 0.006i,  a’ =~ —0.06 — 0.02i,
aé = —0.06 — 0.004i,

and my,=—1 for

and rl)f =~ (.57, it is not difficult to see from Eq. (2.1) that
d lies in the region 0 > &, > — /2 for the wKg and f( K
modes, 7 > &, > /2 for p°K, and /2 > & > 0 for the
remaining three. Therefore, based purely on SD contribu-
tions, it is expected that AS, > 0 for all the modes except
for p°Kg and that A is negative for wKg, foKs and

positive for ¢K, p°Ks, 7Kg, ' Kj.

C. Numerical results

To proceed with the numerical calculations, we shall
follow [16,18] for the choices of the relevant parameters
except for the form factors and CKM matrix elements. For
form factors we shall use those derived in the covariant
light-front quark model [24] and assign a common value of
0.03 for the form factor errors, e.g. FE7(0) = 0.25 = 0.03.
For CKM matrix elements, see the unitarity triangle analy-
sis in [25]. For definiteness, we shall follow the first
reference in [25] to use the Wolfenstein parameters A =
0.801, A = 0.2265, p = 0.189, and 7 = 0.358 which cor-
respond to sin28 = 0.723 and y = 63°. We assign 15°
error for the unitarity angle 7y, recalling that two values
y = (62719)° and y = (64 = 18)° are obtained in [25].
For endpoint divergences encountered in hard spectator
and annihilation contributions we take the default values
pa = py = 0. We will return to this point below when
discussing long-distance rescattering effects.

The obtained branching ratios for the decays B’ —
(¢, o, p°, 7°, ', m, fo)K° are shown in the second column
of Table II, while the corresponding CP violation asym-
metries S and A ; are depicted in Table III. In general, our
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TABLE II. SD and LD contributions to the branching ratios (in
units of 107%) for various penguin-dominated modes. The first
and second theoretical errors correspond to the SD and LD ones,
respectively (see the text for details). The world averages of
experimental measurements are taken from [19].

SD SD + LD Expt
B’ — ¢K° 56713 8.67131 1% 8.3%13

B’ — wK" 2.0%33 56115131 5609
B’ — p’K’ 28432 52433438 51+ 1.6
B’ — n'K° 4217455 69.413137793 68.6 + 4.2
B — nK° 1.8%)2 1.8+ 02401 <2.0

B® — 79K? 58733 9.6135+84 1.5+ 1.0
B® — £ K" 8.1731 8.1731+00 @ 11.3=3.6

?Only the intermediate states K~ p* and 7" K*~ are taken into
account; see Sec. III for details.

results for branching ratios and direct CP asymmetries are
in agreement with [18]. Some differences result from
different inputs of the form factors and CKM parameters.
It is evident that, as far as the central values are concerned,
the predicted branching ratios by the SD QCD factoriza-
tion approach are generally too low compared to experi-
ment especially for wK°, p°Ks, and 7°K°. Note that
B(B° — wK®) = 107 is predicted in the early QCD fac-
torization calculation [26]. The very large (small) branch-
ing ratio for n’K° (nK°) is understandable as follows.
There are two distinct penguin contributions to 1"V K°:
one couples to the d quark content of the (), while the
other is related to the s quark component of the ") [see
also Eq. (2.1)]. If the  — ' mixing angle is given by
—19.5°, the expressions of the 1’ and 7 wave functions
will become very simple:

1 -
N _ _
|1 \/aluu+dd+2ss),
) (2.16)
[1) \/gluu + dd — 5s).
It is evident that the SD nK° amplitude vanishes in the
SU(3) limit, whereas the constructive interference between
the penguin amplitudes accounts for the large rate of 'K°.
In reality the 7 — 1’ mixing angle is —(15.4 = 1.0)° [21],
but this does not affect the above physical picture.

Owing to the large cancellation between the a4 and ag
penguin terms, the main contribution to the decay B® —
foK° arises from the penguin diagram involving the
strange quark content of f,(980), namely, the term with
the scalar decay constant f,. Consequently, the maximal
branching ratio 9.9 X 107® occurs near the zero mixing
angle. The result of B(B" — f,K°) = 8.1 X 10~ shown
in Table II corresponds to & = 150°. Note that the decay
B° — £,(980)K° was measured by BABAR [27] with the
result
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TABLE III.
SD and LD ones, respectively (see the text for details).

PHYSICAL REVIEW D 72, 014006 (2005)

SD and LD contributions to the time-dependent CP asymmetry. The first and second theoretical errors correspond to the

Final state —nyS; A (%)

SD SD + LD Expt SD SD + LD Expt
HKs 0.747+00%3 0.759+2007+0.005 0.35 = 0.20 14793 —-2.6708%11 4+17
wKg 0.85079.932 0.73615922+0.023 0.55%939 —-7.3%332 —13.2139%31 48 + 25
POKs 0635105 0761 9073 466
7Kg 0.737+9:992 0.725%5:%¢+ 9003 0.43 = 0.11 1.8%04 2.1108%03 4+38
nK; 07931087 0.80219%310% —6.1°3, —37H4
7K 0.787+00:8 0.770=0.095 0015 0.34%0%] —3.4%3 37458450 -8+ 14
foKs 0.749+5:9%2 0.74970:0%3400 ¢ 0.39 +0.26 0.77+313 0.75+ 08 001 —14+22

%Only the intermediate states K~ p* and 77+ K*~ are taken into account (see Sec. III for details). This means that the prediction of the

LD effects on the f,Ks mode is less certain.

B(B® — f(980)K® — 7+ 7~ K%) = (6.0 + 0.9 + 1.3)
X 1076, (2.17)

The absolute branching ratios for B — fyK depends
critically on the branching fraction of f,(980) — 7. We
use the results from the most recent analysis of [28] to
obtain B(f,(980) — 7a) = 0.80 = 0.14 and B(B° —
f0(980)K®) = (11.3 *+ 3.6) X 107° as shown in Table II.'
In short, although the predicted branching ratios of
(¢, o, p°, ', 7°)K° are consistent with the data within
the theoretical and experimental uncertainties, there are
sizable discrepancies between the SD theory and experi-
ment for the central values of their branching ratios. This
may call for the consideration of subleading power correc-
tions such as the annihilation topology and/or FSI effects.

In Tables II and IIT we have included the SD theoretical
uncertainties arising from the variation of the unitarity
angle y = (63 = 15)°, the renormalization scale u from
2my, to m,/2, quark masses (especially the strange quark
mass which is taken to be m (2 GeV) = 90 = 20 MeV),
and form factors as mentioned before. To obtain the SD
errors shown in Tables IT and III, we first scan randomly the
points in the allowed ranges of the above four parameters
in two separated groups: the first one and the last three, and
then add each error in quadrature. For example, for the
decay B" — 1K we obtain 2B = (42.1703+439) X 107¢,
A = 1.7775391022%, and S = 0.7377099270.902, where
the first error is due to the variation of y and the second
error comes from the uncertainties in the renormalization
scale, the strange quark mass and the form factors.

From Table III we obtain the differences between the CP
asymmetry S?.D induced at short distances and the mea-

sured S;/yk, to be

"For comparison, the world average of the branching ratio for
B™ — foK~ = mtm K™ is (8.49f1%%g) X 1076 [19] and hence
BB~ — foK™) =~ (15.9738) X 107

ASSx, = 0022580,

ASSP = —0.0975(3,

ASYR. = 0.12732,

ASD. = 0.06738%,
(2.18)

ASSH = 0015560 ASIR = 0.072538%,

ASE = 0.025500,

where the experimental error of S,/ is not included. It
should be noted that these results are not upset by the
approximation of neglecting the error on S;/k,. Our re-
sults for AS3; and ASSP are consistent with that ob-

tained in [18].% As expected before, the wK and p°Kg
modes have the largest deviation of §; from the naive
expectation owing to the large tree pollution. In contrast,
tree pollution in n’'Ky is diluted by the prominent s5
content of the n’. As for direct CP violation, sizable direct
CP asymmetries are predicted for wK and p°K based on
SD contributions.

ITI. LONG-DISTANCE CONTRIBUTIONS

As noticed in passing, the predicted branching ratios for
the decays B® — (¢, w, p°, 7°)K by the short-distance
QCD factorization approach are generally too low by a
factor of 2 compared to experiment. Just like the perturba-
tive QCD (pQCD) approach [29] where the annihilation
topology plays an essential role for producing sizable
strong phases and for explaining the penguin-dominated
VP modes, it has been suggested in [18] that a favorable
scenario (denoted as S4) for accommodating the observed
penguin-dominated B — PV decays and the measured sign
of direct CP asymmetry in B — K~ 7" is to have a large

>Note that unlike [18] we did not include the theoretical
uncertainties arising from power corrections. Otherwise, there
will be a double-counting problem when considering LD rescat-
tering effects.
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annihilation contribution by choosing p, =1, ¢, =
—55° for PP, ¢, = —20° for PV, and ¢, = —70° for
VP modes. The sign of ¢, is chosen so that the direct CP
violation Ag- .+ agrees with the data. However, there are at
least three difficulties with this scenario. First, the origin of
these phases is unknown and their signs are not predicted.
Second, since both annihilation and hard spectator scatter-
ing encounter endpoint divergences, there is no reason that
soft gluon effects will only modify p, but not pg. Third,
the annihilation topologies do not help enhance the 77°7°
and p° 7% modes; both pQCD and QCDF approaches fail to
describe these two color-suppressed tree-dominated
modes. As stressed in [18], one would wish to have an
explanation of the data without invoking weak
annihilation.

As shown in [15], final-state rescattering can have sig-
nificant effects on decay rates and CP violation. For ex-
ample, the branching ratios of the penguin-dominated
decay ¢K* can be enhanced from ~5 X 107° predicted
by QCDF to the level of 1 X 1073 by FSIs via rescattering
of charm intermediate states [15]. Indeed, it has been long
advocated that charming-penguin long-distance contribu-
tions increase significantly the B — Kr rates and yield
better agreement with experiment [30,31]. The color-
suppressed modes D°7°, 797, and p°#® in B decays
can also be easily enhanced by rescattering effects.
Moreover, large nonperturbative strong phases can be gen-
erated from the final-state interactions through the absorp-
tive part of rescattering amplitudes. We have shown
explicitly in [15] that direct CP-violating partial rate asym-
metries in K~ 7%, p* 7, and 77 7~ modes are signifi-
cantly affected by final-state rescattering and their signs,
which are different from what is expected from the short-
distance QCDF approach, and are correctly predicted. In
order to avoid the double-counting problem, we will turn
off the LD effects induced from the power corrections due
to nonvanishing p, and pg; that is, we set py = py =0
and ¢, = ¢y = 0; therefore it is important to note that we
are not adding FSI on top of QCDF. We wish to stress that,
in principle, LD rescattering effects can be included in the
framework of QCDEF, but that requires modeling of
Aqcp/my, power corrections and, in particular, one may
then need to adopt nonvanishing values of p,, py, ¢4, and
¢y [18], as mentioned above. In this work, we are provid-
ing a specific model for final-state rescattering to comple-
ment QCDFE.

Besides direct CP violation, the mixing-induced CP
asymmetry Sy also could be affected by final-state rescat-

|

d*Gy

1 ]
bsM(py — =51, [ o
A bs (pB papb) 2 j( k=1 (27T)32Ek
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tering from some intermediate states. When the intermedi-
ate states are charmless, the relevant CKM matrix element
isV,, Vi, = AA*R,e” " which carries the weak phase . In
general, the charmless intermediate states will essentially
not affect the decay rates but may have potentially sizable
effect on S, whereas the charm intermediate states will
affect both the branching ratios and Sy.

A. Final-state rescattering

At the quark level, final-state rescattering can occur
through quark exchange and quark annihilation. In prac-
tice, it is extremely difficult to reliably calculate the FSI
effects, but it may become amenable to estimate these
effects at the hadron level where FSIs manifest as the
rescattering processes with s-channel resonances and one
particle exchange in the ¢ channel. In contrast to D decays,
the s-channel resonant FSIs in B decays is expected to be
suppressed relative to the rescattering effect arising from
quark exchange owing to the lack of the existence of
resonances at energies close to the B meson mass.
Therefore, we will model FSIs as rescattering processes
of some intermediate two-body states with one particle
exchange in the ¢ channel and compute the absorptive
part of the rescattering amplitude via the optical theorem
[15].

Given the weak Hamiltonian in the form Hyw = Y ;A;0;,
where A; is the combination of the quark mixing matrix
elements and Q; is a T-even local operator (7: time re-
versal), the absorptive part of final-state rescattering can be
obtained by using the optical theorem and time-reversal
invariant weak decay operator Q;. From the time-reversal
invariance of Q(= U,Q* U;), it follows that

(i; 0ut| Q|B; in)* = > 875(j; outl Q|B; in), 3.1
7

where §;; = (i; outlj; in) is the strong-interaction S-matrix
element, and we have used Ur|out(in))* = |in(out)) to fix
the phase convention. Equation (3.1) implies an identity
related to the optical theorem. Noting that S = 1 + iT, we
find

2 Abs(i;out|Q|B;in) = ZT;}(j; out|Q|B;in), (3.2)
J

where use of the unitarity of the S matrix has been made.
Specifically, for two-body B decays, we have

J

)(277)4 54<pa +pp— ) qk)M (P = AaDT* (pars — {ai}). (3.3)

k=1

Thus the optical theorem relates the absorptive part of the two-body decay amplitude to the sum over all possible B decay
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final states {g,}, followed by the strong rescattering {g,} —
P.Pp- In principle, the dispersive part of the rescattering
amplitude can be obtained from the absorptive part via the
dispersion relation

P f » AbAL) 4o 34

: 2y —
DisA(mz) = p R

Unlike the absorptive part, it is known that the dispersive

contribution suffers from the large uncertainties due to
|

L

= = T V)] -

- - - - 1
+igypplp*K "9 K + pTH(K'9 K™ — \/57706“77_) + K Hatd K+ K*_(—
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some possible subtractions and the complication from in-
tegrations. For this reason, we will assume the dominance
of the rescattering amplitude by the absorptive part and
ignore the dispersive part in the present work.

The relevant Lagrangian for final-state strong interac-
tions is given by

L=1/L,+L, (3.5)

where

1 . -
_Z Tr[FM,,(V)F'“V(V)] + 1gypp TI‘(V’”’PGMP) + gVVPEMWIB TI‘(GMV,,GQVBP)

i S (K THK KK+ KK R L)

"9 KT+ K+5‘Mng>

\/zqu

/1 o -
+ K*O< "9 KO+ K"aﬂng> + .0+ guypetPIK (0, K, 00pp) + K™ (9,¢,0,K57) + KO(aMK:*aap;

757711 n
+ \/Ewi(aﬂpfaawﬁ) +...]

(3.6)

with P and V being the usual pseudoscalar and vector multiplets, respectively, F,,, = f,, + igy[V,, V,1/2, fu, =

d,V,—d,V, and

_ 4 e o e s o
L, = _lgD*DP(DlaMPijD#]T — Dilogrp;DIt) — EgD*D*Pe,uvaﬂDiMaVPlja D,'BJr - lgDDVDzTa;LDj(V”)}

— 2 1 DV € urap(@# VY )ADI G2 DB — DIPTGDI) + igpe oy DT, DY (VA

+difpepry Dl (94 V= 0V VE)ID}.

Only those terms relevant for later purposes are shown in
L, and the convention €”'?3 = 1 has been adopted. For the
coupling constants, we take g xx = gprr = 4287
Soxk = 448, \2gyyp = 16 GeV~' [32]. In the chiral
and heavy quark limits, we have [33]

P 1 2.1/
D*D*m mD*’ DDV D*D*V \/E,
(3.8)
fpr _Jforory _ Agy
D*DV My \/j,

with f_ = 132 MeV. The parameters gy, 3, and A (not to
be confused with the Wolfenstein parameter A) thus enter
into the effective chiral Lagrangian describing the inter-

*The prar coupling defined here differs from that in [15] by a
factor of 1/+/2.

(3.7)

[

actions of heavy mesons with low momentum light vector
mesons (see e.g. [33]). The parameter gy respects the
relation gy = mp/fw = 5.8 [33]. We shall follow [34] to
use B8 =0.9 and A = 0.56 GeV~!. The coupling gpp,
has been extracted by CLEO to be 17.9 = 0.3 = 1.9 from
the measured D** width [35].

B. B — ¢K as an example

We next proceed to study long-distance rescattering
contributions to the b — sqg transition-induced decays
B — (¢, w, p°, "), 7°, fo)Ks. To illustrate the calcula-
tions of rescattering amplitudes, we shall take the ¢Kj
mode as an example. Its major final-state rescattering
diagrams are depicted in Fig. 1.

The absorptive parts of the B — K~ p™ — ¢K° ampli-
tude via the K=, K** exchanges are given by
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_ d(ps)

—0 —0
—— K7(p4) K"(p4)
FIG. 1. Final-state rescattering contributions to the B — ¢K° decay.
1 &py dp, AB° = K p*)
Abs(K pT;K*) == 26 pe — pr — po) o 8 PV
. . . F(t, mg) .
X 2282 - pp(—20)g pxk (€5 - pl)iszlngK(sz * P4)
e r— mg
1 &p dp, ABB°— K p¥) F2(t, my)
=Dgk. X = 2m)4 64 — — 4 ’
€3 P 2 | @ar2E, (277)32E2( m)* 64 (pg — p1 — P2) 26, pp 8HKK f— m%{
(p1- PPy~ pa)
X gl = A= py - py + PLLELP) (39)
2
, 1 &’ p, d’p, AB°— K p*)
Abs(K pT; K**) == 274 84 - — aasT— A p)
. . . kMR F2(t, my)
X 2282 : PB(—1)8¢K*K[P1W » P3s 83](‘8’” + —z>_72K(_ )ng*K[me P2 €]
" My t X+
1 d*py d*p, AB’— K™ p*) F2(1, mg)
—2g* . X = 2764 _ _ N 4
€3 DB 2 | @nr2E, (277)32E2( m)*8*(pg — p1 — P2) 265 pp 8¢K*K f— m%(
X gprox(—247m3), (3.10)

where the dependence of the polarization vector in the
amplitude A(B® — K~ p™) has been extracted and k =
p1 — p3- In order to avoid using too many dummy indices,
we have defined [A, B, C, D] = €,5,,A*BPCYD?,
[A, B, C,#] = eanA“BBCV and so on for later conve-
nience. Moreover, we have applied the identities [15]

. 1 1
Pip = P/LA(I) + qMA(Z)’
. 2 2 2
pl,u,pll/ = g,uVA(l ) + P,(LPVA(Z) + (P,u,qv + qMPV)Ag)

+q,q,A?, 3.11)
under the integration
& p, 4Py
2m)* 64 (pp — py — t
m)2E (277)32E2( m)*6*(pp — p1 — P (D)
X{pl/u plp,ply}’ (312)

with P = p3; + p4, ¢ = p3 — p4. These identities follow
from the fact that the above integration can be expressed
only in terms of the external momenta ps, p4 with suitable

|
Lorentz and permutation structures. The explicit expres-

sions of A;i) = A;i)(t, m3%, m3, m3, m3, m3) can be found in
[15].

Before proceeding it should be stressed that we have
applied the hidden gauge symmetry Lagrangian Eq. (3.6)
for light vector mesons and the chiral Lagrangian Eq. (3.7),
based on heavy quark effective theory (HQET) and chiral
symmetry, for heavy mesons to determine the strong ver-
tices in Fig. 1. This requires that the involved light pseu-
doscalar or vector mesons be soft. However, the final-state
particles are necessarily hard and the particle exchanged in
the 7 channel can be far off shell, especially for the
t-exchanged D meson. This is beyond the applicability of
the aforementioned chiral perturbation theory and HQET.
Therefore, as stressed in [15], it is necessary to introduce
the form factor F(¢, m) appearing in Egs. (3.9) and (3.10) to
take care of the off-shell effect of the r-channel exchanged
particle and the hardness of the final particles. Indeed, if
the off-shell effect is not considered, the long-distance
rescattering contributions will become so large that pertur-
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bation theory is no longer trustworthy. For example, since
B — D,D is CKM doubly enhanced relative to B — K,
the rescattering process B — DD — K will overwhelm
the initial B — K7 amplitude. Hence, form factors or
cutoffs must be introduced to the strong vertices to render
the calculation meaningful in perturbation theory.

The form factor F(¢, m) is usually parametrized as

A2 — m2\n
A2—t>’

normalized to unity at = m?> with A being a cutoff
parameter which should not be far from the physical
mass of the exchanged particle. To be specific, we write

Ft,m) = ( (3.13)

A = Mexe + MAqep (3.14)
|
1 [ &p, PP
Abs(K*™m " K%)= 3 P P2 0m)tst(p,

(2m)32E, (277')32E2

DELE poiSl(53, 28 py) = 21 €401 + p3)y + E12p1 - &ﬂ(g”+

F2(t, my+)
X 71{(_!)81( k=(P2 + Pa)y
t— mk.

e L [_dB &P
= L&
37 P8 X f (Om)2E, 27)2E,

x S5 — A0 £ 4D 4 (A _ A my _(pi-
8K K ! » T (A — A )m— P2 D3 5
2.

- [A(ll) — AP =1+ @V

2 2 2

1) 1) me. — m2 + m4
+2(A) — Al )[<p2 —
X*

Note that since the 7KK vertex is absent, there is no
contribution from the K* exchanged particles.

The B — ¢K° decay also receives contributions from
charmless VV modes. The leading candidate is the K*~ p™*
mode via the p-wave configuration. However, as we have
checked numerically, its amplitude is 1 or 2 orders of
magnitude smaller than those from the previous two
charmless VP modes and its effect on S; is quite small.
Given this, we will not go into any further detail on the
rescattering from charmless V'V modes. Thus far we have
only considered the contributions where the two intermedi-
ate states originating from the weak vertex are on shell.
There are additional contributions where one of the mesons
coming from the weak vertex and the exchanged meson in
the ¢ channel is on shell. For example, in the diagram of
Fig. 1(a), we can set K~ and K" on shell while keeping p*
off shell. This corresponds to the three-body weak decay
B’ — K"K K° followed by the strong rescattering

—p1— P2)

(277)4 54(173

p1-p
— AP (o ) (pa p) +

2 2 2
M. +m5; —m P1° P2
+py 4)'(192_171 > ﬂ}

M my
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where the parameter 7 is expected to be of order unity and
it depends not only on the exchanged particle but also on
the external particles involved in the strong-interaction
vertex. The monopole behavior of the form factor (i.e. n =
1) is preferred as it is consistent with the QCD sum-rule
expectation [36]. Although the strong couplings are large
in the magnitude, the rescattering amplitude is suppressed
by a factor of F2(1) ~ m*Agcp/r*. Consequently, the off-
shell effect will render the perturbative calculation mean-
ingful. Moreover, since in the heavy quark limit 1 ~ m3,
the final-state rescattering amplitude does vanish in the
mp — o0 limit, as it should.

Likewise, the absorptive part of the B® — K* 7" —
¢ K amplitude via the K** exchange is given by

AB° — K*77T+)
2e1-p

Ktk
)

X

AB° — K*~7™)
28] " pp

Fz(t’ mK*)
Vo — m%.)

P2)(ps - P3)>

—Pp1— P2)

my

(3 — m3) (3 %@

1 K*

(3.15)

\

KTK K°— ¢K° where K° behaves as a spectator.
However, there are many possible pole contributions to
B’ — K"K~ K°. In addition to B - K~ p* — KK K°
as inferred from Fig. 1(a), one can also have B° —
B:K" — K*K K, for example. In the present work, we
w111 only focus on two-body intermediate state contribu-
tions to the absorptive part. Since the analogous three-body
contributions do not occur in Fig. 1(b) and since Fig. 1(a) is
CKM doubly suppressed relative to Fig. 1(b), it is safe to
neglect the additional three-body contributions for our
purposes.

We next turn to the FSI contribution arising from the
intermediate states Dg*)_D(*). Note that only the p-wave
configurations of the DE*)_D(*) systems can rescatter into
the @¢K° final state. The absorptive parts of B’ —
D D' — ¢K° amplitudes via D* exchanges, B —
D D", D D*t — ¢K° amplitudes via D, and D% ex-
changes, are given by
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1 &p dp, A(B°— D;"D")
Abs(D;"D*; D) = = 2m)* 84 (pp — p1 — :
s(D; 5) > | Ga2E, @) 2E, (2m)*6*(pg — p1 — p2) 2ol P

F (f mD) «
X 2281 P(— 4l)fDD ¢TlgD* DK€ (ngﬂpl 83 + P3p83u 83,,193#)

o
L, kPEY
X <—g“ + >p4y

mD*
1 &p  &p A(B® — D" D")
=2 2 464 _ _ K
83 pB (277)32E1 (27T)32E ( 77) (pB P1 p2) 284{ . P
X 4fpepr - mD_gD*DK{ (A(ll) - A(zl))<172 - 1m_22p1> <P4 —k 2 4)
D; 1 D

. . . P .
4 [1 — A - A(21)) 2P4}<p2 - P21271 P3> _ [1 — (A0 = AD) 51}
mp: m m

1 1

p3 kk- py

X <P3 2 T)}
D;

1 &*p, d*p, AB° — D;D*")
27)* 64 (py — py — :
@m)2E, @my2E, 2™ 0 Ps = P po) 2¢% - P

Abs(D;D*"; D7) =

F2(t, mD) .
X 2282 P2igp p ¢83 Pi W( l)gD*DSKp4 =y)
D.\
1 dp dp A(B° — D;D*")
. z Q2m)*6*(ps — p1 — p2) 26t - P
2

-2
& P8 %5 | Qay2E, ampaE,
Fz(t mD )

1 1 P1° P2P2 " P4
gp*p, AP — A ))<—p1 "pyt T)}

{281) Dy
2

D

1 &’ p, d*p, A(B° — D;D*")
Abs(D; D*"; D) = = 2m)*8*(pg — py — S
S( K K ) ) (277)32E1 (277)32E2( 77) (pB D1 p2) 28; .p

Fz(t mD*)
X 2282 P4ifp:p ¢—mlgD piklP3 €5 P1op ](—g’”
D

k* kY
+ 2 )[82’ P4 eru]
Dy

1 a3 Pi d3f72
=2 27)4 8% (pg — py —
&3 pp X f @m2E, (27)32E2( m)*6*(pg — p1 — P2)

A(EO — Ds D*+) F (t mD ) )
X 8 —_— xmM3AY”,
26; - P (= )fDDqS mD* 8D DikM3A

Ab H— *+ — 1 d3[_7)1 d3ﬁ2 4 o4 _ _ ;
1 2

* * F (t mp ) . %
X Z e" e’ (=40 fpp.g 7( D&p p.klP3 €5 P1.81lpsa - &
AL Ay D.r
] d3]31 d3l’;2 F? (l‘ mD)
= 283 2m)*6*(pp — 4 -5 TD)
“pp X (277)32E1 (277)%2E2( ) (PB Pz)( lC)fD Dy m%x
X gD*DSngA(z),
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1 d’p, d® py
Abs(D*~D*"; D*F) ==
( s s ) 2 (277)32E1 (277)32E2
X Z €] B( 4i)fprpr g

AL Ay r= mD?

k* kY
X <_gl“} + 2 )[82’ P4 pZ’V]
mDi

@m)*6*(pg — p1 — pI)icls. g, P, p2))

F (t mD) *
—lgD D*K81(0'gpp,pl g3 + P%pé‘s# 83pp3p.)

1 &Bp, B p, F2(t, mpy)
=2 2184 (py — py — po)(—4ic)fprpr g D)
83 P X (277)32E1 (277)32E2( m)*8*(pp — p1 — p2)( lC)fD_‘.Dl\(;S F— m%*_
X gD*D;:K*[U(A(ll) - A(zl))(m “pam} = py - papsc pa) + m%A(f)], (3.16)

where the dependence of the polarization vectors in A(B® — D~ D™, D; D*") has been extracted out explicitly and o =
gppv/2fppy) and the B— D%~ D** decay amplitude has been denoted as

A(B = Di(py, ADD"(pa, X)) = &1 3(ag,uy + PP, + icl,,,, P, pa)). (3.17)

In order to perform a numerical study of the above analytic results, we need to specify the short-distance A(B — D(S*)D(*))
amplitudes. In the factorization approach, we have

A(B— D;D)sp = —V. chsa1fD§ijFfD(m%);)(2SD; “ PB),

\/5 c
§5) *® Gr * BD*(,.2 *
A(B— DD )SD = EVL'hVC‘YalfD\.mD*AO (mDJ)(ZsD* “ PB)
B %y .Gk * 5 _sp| ABD (2 2487 (mD*)
A(B — D{D")sp = _l\/_zvcbvcsalfD}‘mD;‘(mB + mp)e SD*|:A1 (mp)8uv — mpBﬂpBV
BD*
L(mD) B (3.18)
(mB + mp )2 ,uvaBpoD* . .

Since the phase of the parameter a; originating from vertex corrections [see Eq. (2.5)] is very small, one can neglect the
strong phase of the short-distance amplitudes.

The long-distance contribution to the B — wK" decay can be performed similarly. Because of the absence of the PPP
vertex and the G-parity argument, the number of FSI diagrams from charmless intermediate states is greatly reduced
compared to the previous case. For example, the K~ p™ intermediate state does not contribute to the K°w amplitude
(through #-channel 7 and p exchanges) as both KK 7 and ppw vertices are forbidden. In fact, there is only one relevant
rescattering diagram, namely, B — K*~ 77t — K%w via p™ exchange, arising from charmless intermediate states and the
corresponding absorptive part is given by

1 &3p d3p AB° — K~ 7t)
P P2 mts4(ps — p1 — p2)

Abs(K*~ 7+ p*) =
s(Kats p7) = (m)2E, 2m)2E, 26" py

t — m?

k“k”) F2(t,m,)
p

X ZZST ' pB(ing*K)(i\/—z_gwpﬂ')[pl’ €1 k’p. ][k’v’ Pa SZ]<_g’uV +
Ay

AB’ — K*~7t)

L[ & &
=2 454 — —
500 %5 [ g Gy, @78 e = pi = p)

F(tm)

X ( 2\/_)ng K7 oy (f 2) gwpﬂ' 2A(12)' (319)

Furthermore, we have checked numerically that the B — K*~p*™ — K%w contribution is small. Hence we will skip
further detail on the rescattering from charmless V'V modes.

The rescattering amplitudes of B — D*" D", D™ D**, D*"D*" — K’w amplitudes via D, D* exchanges can be
evaluated in a similar way. The analytic expressions of their absorptive parts are similar to those for ¢ K. For example,
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d*p,
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A(B® — D; D)

A bs(Di"D*;D*) =2¢, - pp X =

F2(t, mp) Pi PP P
X {\/EngDK_;mZDgDDw(l - A - A(gl))<—192 Cpy 3)}

t D

is the same as Abs(D; D**; D) in (3.16) after the re-
placements gpp x — &prpks Sp,D,6 Fopw/N2, p1 e
P2 p3 o pa AV — A — 1 — 4D — AD and a suitable
replacement of the source amplitude (note that the replace-
ment of momentum should not be performed in A(-’)).
Likewise, we can obtain Abs(Di” D*; D),
Abs(Dy D*"; D*), Abs(D:"D*",D®*)  from
Abs(D; D*"; D), Abs(D:~D"; D*), Abs(D:” D*",
Dﬁ*)t) in (3.16), respectively, with A(lz) being unchanged
and an additional overall minus sign for D}~ D*" contri-
butions. This similarity is by no means accidental; it fol-
lows from the so-called CPS symmetry, i.e. CP plus s < d
switch symmetry. A similar but more detailed discussion is
given in [15] for the case of B — ¢K* decay.

The final-state rescattering contributions to other
penguin-dominated decays B® — (p°, n), f()Ks can be
worked out in a similar manner. The dominant intermedi-
ate states for each decay mode are summarized in Table V.

C. Results and discussions

Writing A = ASP + i AbsA'P with A bsA'P obtained
above and the form factors given in [24], the results of the
final-state rescattering effects on decay rates, direct and
mixing-induced CP violation parameters are shown in
Tables II and III. As pointed out in [15], the long-distance
rescattering effects are sensitive to the cutoff parameter A
appearing in Eq. (3.14) or 7 in Eq. (3.14). Since we do not
have first-principles calculations of 1, we will determine it
from the measured branching ratios and then use it to
predict the CP-violating parameters A ; and S;. As shown

TABLE IV. Dominant intermediate states contributing to vari-
ous final states. For the nKj final state, the intermediate states
are the same as that for n'K.

Final state Intermediate state (exchanged particle)

¢Ks K= m*(K*), K~ p* (K, K*),
D§~D*(D5), Dy D**(Dy, DY), D™ D** (D, DY)
oK K™ (p),
D}~ D" (D, D*), Dy D**(D*), D;” D**(D, D*)
p°Ks K~ 7" (p),

D!~ D*(D, D*), D; D**(D*), D~ D**(D, D*)

n'Ks 7'K°(K*), K*~p* (K, K¥)
D;D*(D*, D), D'~ D**(D, D,, D*, D%)
7K n'K°(K™),
D; D" (D*), D" D**(D, D*)
foKs p K~ (K, p), m K" (m),

D{”D*(D, D), Dy D** (D)

2 (27T)32E1 (277)32E2

Q2m)*6*(ps — p1 — p2) 2¢% - P

(3.20)

my

\
in [15], 7 = 0.69 for the exchanged particles D and D* is

obtained from fitting to the B — K rates. We take n =
0.85 for the exchanged particles D ;) and DZ‘S) to fit the data

of B" — 7’K" rates and 1 = 1 for other light exchanged
particles such as 7, K, K*. As for the VP modes, namely,
¢Ks, wKs, and p°K;, we take D, = Mp;, = 0.95, 1.4,

and 1.5, respectively, in order to accommodate their rates.*
Note that the result np = Mo, = 1.5 for p’Kg is con-

sistent with the value of np = np- = 1.6 obtained for
B — pr decays [15] within SU(3) symmetry. For the
decay B — f,Kj, since only the strong couplings of f,
to KK and 77 are available experimentally, we shall only
consider the intermediate states K~ p* and 7t K*~. The
LD theoretical uncertainties shown in Tables II and III
originate from three sources: an assignment of 15% error
in Agcp, the measured error in the coupling gpp, =
17.9 £ 0.3 = 1.9 [35], and 5% error in the form factors
for B to D™ transitions. They are obtained by scanning
randomly the points in the allowed ranges of the above-
mentioned three parameters. The calculations of hadronic
diagrams for FSIs also involve many other theoretical
uncertainties, some of which are already discussed in
[15]. From Tables II and III it is clear that the SD errors
are in general not significantly affected by FSI effects
and that LD uncertainties are in general comparable to
the SD ones.

We see from Table II that final-state rescattering will
enhance the decay rates of ¢Ks, wKg, p°Kg, n'K, and
7K but it does not affect the nKg rate. The seemingly
large disparity between 7'Kg and 7Kg for FSIs can be
understood as follows. There are two types of exchanged
particles in the rescattering processes, namely, D™ and
Dg*) (see Table IV). The former (latter) couple to the d (s)
quark component of the n"). Since the %’ and n wave
functions are approximately given by Eq. (2.16), it is clear
that the rescattering amplitudes due to the exchanged

particles D*) and DY interfere constructively for the
7' K production but compensate largely for nK.

It should be stressed that although we have used the
measured branching ratio of 7’K? to fix the LD contribu-

“Note that a monopole momentum dependence is used for the
form factors throughout this paper [see Eq. (3.13)]. If a dipole
form of the momentum dependence is used for D*-exchange

diagrams as in [15], we will obtain BSPTIP(HK0) =
(0113700 1070, siprlD —o 7Tt A -

N S
—0.07079915 + 0,019,  BSP+P(wK?) = (2.573]0) X 1079,
SD+LD _ +0.029+0.007 SD+LD _ +0.034+0.027
Sox, = 08472005 o3> and AP = 0.013T505876.0%9-
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tions and the unknown cutoff parameter 7, there exist some
other possible mechanisms that can help explain its large
rate. For example, the QCD anomaly effect manifested in
the two gluon coupling with the %’ may provide a dynami-
cal enhancement of the 1'K° production [37]. And it is
likely that both final-state rescattering and the gluon anom-
aly are needed to account for the unexpectedly large
branching fraction of 1'K. Note that both contributions
carry negligible CP-odd phase. Hence, whether the anom-
alously large branching ratio of n’K comes from the QCD
anomaly and/or from final-state rescattering, it will be very
effective in diluting the uii tree contributions and rendering
AS,yk, small.

We are not able to estimate the long-distance rescatter-
ing contributions to the f( K rate from intermediate charm
states due to the absence of information on fyDD and
foD{, Dy, couplings.

Since the modes wKg, p°K, ¢Kg, and 70K receive
significant final-state rescattering contributions, it is natu-
ral to expect that their direct CP asymmetries will be
affected accordingly. It is clear from Table III that the signs
of A in the last two channels are flipped by final-state
interactions. As for the mixing-induced CP violation Sy,
we see from Table III that wKg and p°Kj receive the
largest corrections from final-state rescattering, while the
long-distance correction to ¢ Ky is not as large as what was
originally expected. The underlying reason is as follows.
The mixing CP asymmetries Sgz and S°0  deviate
from sin2f3 as they receive contributions from the tree
amplitude. The contribution from the tree amplitude is
relatively enhanced as the QCD penguin amplitude is sup-
pressed by a cancellation between penguin terms (|a, —

ryasl < layl, |ag|). Final-state rescattering from DY p®
states with vanishing weak phases will dilute the SD tree
contribution and bring the asymmetry closer to sin2 3. For

the ¢ K¢ mode, the asymmetry Si?(s is slightly greater than

sin2 8. With rescattering from either charmless intermedi-
ate states, such as K™, or from Dﬁ*)D(*) states, the asym-
metry is reduced to S 4, = 0.73. When both charmless and
charmful intermediate states are considered, the asymme-
try is enhanced to Sk, =~ 0.76 owing to the interference
effect from these two contributions.

Among the seven modes (¢, o, p°, 7°, 1", f,)Ks, the
first three are the states where final-state interactions may
have a potentially large effect on the mixing-induced CP
asymmetry S. In order to maximize the effects of FSIs on
S, one should consider rescattering from charmless inter-
mediate states that receive sizable tree contributions. Most
of the intermediate states such as Kon’, K **pﬂ ...,in B
decays are penguin dominated and hence will not affect S.
For the decay B’ — ¢K,, we have rescattering from
K~ p* and K*~ 7" . Because of the absence of the penguin
chiral enhancement in B — K*~ 7" and the large cancel-
lation between a4 and aq penguin terms in B — K~ p™*, it

PHYSICAL REVIEW D 72, 014006 (2005)

follows that the color-allowed tree contributions in these
two modes are either comparable to or slightly smaller than
the penguin effects. As for the w K5 mode, there is only one
rescattering diagram, namely, B — K*~ 7t — K w, aris-
ing from the charmless intermediate states. (The rescatter-
ing diagram from K*“p* is suppressed as elucidated
before for the ¢ Ky mode.) As a result, one will expect
that the final-state rescattering effect on Sy will be most
prominent in B — wKj, p°Ky, and ¢Kj. Indeed, we see
from Table III that FSI lowers S,k by 15% and enhances
S0k, by 17% and S 4k slightly. The theoretical predictions
and experimental measurements for the differences be-
tween S‘}DJ“LD and S;/yk, AS?DJ“LD, are summarized in
Table V. It is evident that final-state interactions cannot
induce large AS in any of these modes.

It is interesting to study the correlation between A ; and
Sy for the penguin-dominated modes in the presence of
FSIs. It follows from Eq. (1.8) that

AS
it cos2 cot8f =~ (.95 c0t5f,

A, (3.21)

for rp = (A,A%)/(A.A$) < 1. This ratio is independent of
Irfl and hence it is less sensitive to hadronic uncertainties.
Therefore, it may provide a better test of the SM even in the
presence of FSIs. Writing Ap“ = |A%S e + iAlS, we

have
| \[1At, cosdty P + (1AL | sind, + Alp)?
|”f| = m - s
\/|A§D cosd¢pl? + (|ASp] sindSp, + ASp)?
AM
8, = tan”!(tand¥, + —— L
4 < D A4 | cos S,
— tan~!( tand¢, + _ Aip (3.22)
5D A cosdp ) '

where the reality of A, has been used, and A and AS,
can be obtained by using Eq. (1.8). It is interesting to note
that in the absence of LD contributions we have Ié‘szI =
|64, — 85| < 7/4 for some typical SD (perturbative)
strong phases and, consequently, we expect |[AS;/ A ;| =
1. This result generally does not hold in the presence of
FSI. For example, in the case of |[A}'p| < |AgS| = |Afpl, it
is possible to have |AS;/A/| < 1. From Table V we
obtain

ASyx,/ Ayk, = —1.3(1.5),
AS k. / A i, = —0.08(—1.7),
AS ok, /A ok, = 0.08(—1.1),
AS,k,/ Ak, = —0.05(0.6),

AS, k. / Ak, = —2.0(—1.1),
AS o/ A g, = 1.2(=1.8),

(3.23)
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TABLE V. Direct CP asymmetry parameter A , and the mixing-induced CP parameter ASSPTLD for various modes. The first and
second theoretical errors correspond to the SD and LD ones, respectively (see the text for details). The f,Kg channel is not included as

we cannot make reliable estimate of FSI effects on this decay.

Final state AS; A (%)

SD SD + LD Expt SD SD + LD Expt
bK 0.027000 0.03+001+0.01 ~0.38 + 0.20 1.4+03 —2.6708+00 4+17
wKg 0.12190 0.017993 0.0 —0.17939 ~7.3%33 —13.27331 14 48 +25
p"Ks —0.09*553 0.047330 0% 9.0°3% 46.6713713¢
7Kg 0.0175:%9 0.0075:39+5:99 —0.30 = 0.11 1.8704 2170304 4+8
nKs 0.077503 0.0775,05 7500 —6.173; 375555
7Ky 0.0670:03 0.045:03 5001 —0.39703] —3.47% 3759568 -8+ 14

where the SD contributions are shown in parentheses. For
the fyKg mode, AS/A = 3.0 but there is no reliable
estimate of the FSI effect. From Eq. (3.23) we see that
the relation [AS;/ A ;| = 1 indeed holds at short distances
except for the 7Kg mode where |63°] ~ 65°. The sign flip
of AS;/ A ; in the presence of LD rescattering is due to the
sign switching of either A ; (for ¢ K and m°Kg) or AS I
(for p°Ky).

IV. CONCLUSIONS AND COMMENTS

In the present work we have studied final-state rescatter-
ing effects on the decay rates and CP violation in the
penguin-dominated decays B° — (¢, w, p°, 0/, n, 7°,
fo)Kg. Our main goal is to understand to what extent
indications of possibly large deviations of the mixing-
induced CP violation seen in the above modes from
sin23 determined from B — J/#Kg can be accounted
for by final-state interactions. Our main results are as
follows:

(1) We have applied the QCD factorization approach to
study the short-distance contributions to the above-
mentioned seven modes. There are consistently 2 to
3 o deviations between the central values of the
QCDF predictions and the experimental data.

The differences between the CP asymmetry S3°
induced at short distances and the measured S,k
are summarized in Eq. (2.18). The deviation of $$

in the wK g and p°K ¢ modes from sin2Bisa2to3 o
effect owing to a large tree pollution. In contrast,
tree pollution in 'Ky is diluted by the QCD anom-
aly and/or final-state rescattering both of which
carry negligible CP-odd phase. The long-distance
effects on S are generally negligible except for the
wKg and p’Kg modes where S is lowered by
around 15% for the former and enhanced by the
same percentage for the latter and ASSD*LP  be-
come consistent with zero within errors.
Final-state rescattering effects from charm inter-
mediate states can account for the discrepancy be-

2

3)

“

&)

(6)

(7

®)
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tween theory and experiment for the branching ra-
tios of the modes wKg, 1n'Kg, ¢K, and 7°Kj.
Moreover, direct CP asymmetries in these modes
are significantly affected; the signs of A ; in the last
two modes are flipped by final-state interactions.
Direct CP asymmetries in the @K and p°K chan-
nels are predicted to be A g =~ —0.13 and
A POk = 0.47, respectively, which should be tested
experimentally.

For the f,(980)Kg mode, the short-distance contri-
bution gives AS/ A = 3.0, but at present we cannot
make reliable estimates of FSI effects on this
channel.

Direct CP asymmetry in all the (b — s) penguin-
dominated modes is rather small ( < a few %)
except for wKg and p°K,. This strengthens the
general expectation that experimental search for
direct CP violation in b — s modes may be a
good way to look for possible effects of new
CP-odd phases (see e.g. [37]).

Since the mixing-induced CP parameter Sy (ac-
tually AS; = —n,S; — S;/4k,) and the direct CP
parameter A , are closely related, so are their theo-
retical uncertainties. Based on this study, it seems
rather difficult to accommodate IASfI > (.10 within
the SM, at least in the modes we study in this paper
(except for f K, for which we cannot make reliable
estimates).

In particular, 'Ky and (to some degree) ¢Ks ap-
pear theoretically cleanest in our picture; i.e. for
these modes the central value of AS, as well as
the uncertainties on it are rather small. This also
seems to be the case in QCDF [38]. Note also that
the experimental errors on n’'Ky are the smallest
(see Table IIT) and its branching ratio is the largest,
making it especially suitable for faster experimental
progress in the near future [39].

The sign of AS; at short distances is found to be
positive except for the channel p’Kg. After includ-
ing final-state rescattering effects, the central values



EFFECTS OF FINAL-STATE INTERACTIONS ON ...

(1]

(3]

(5]
(6]

(71
(8]

[10]

(11]
[12]

[13]

of AS are positive for all the modes under consid-
eration, but they tend to be rather small compared to
the stated uncertainties so that it is difficult to make
reliable statements on the sign at present. However,
since the S, and A, are strongly correlated, im-
proved measurements could provide enough useful
information that stronger statements on the sign
could be made in the future.
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