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An exploratory study of charmless 3-body decays of B mesons is presented using a simple model based
on the framework of the factorization approach. The nonresonant contributions arising from B — PP,
transitions are evaluated using heavy meson chiral perturbation theory (HMChPT). The momentum
dependence of nonresonant amplitudes is assumed to be in the exponential form e~ *w?s"(7i*P)) 5o that the
HMChPT results are recovered in the soft meson limit p;, p; — 0. In addition, we have identified another
large source of the nonresonant signal in the matrix elements of scalar densities, e.g. (KK|5s|0), which can
be constrained from the decay B° — K K¢Kg or B~ — K~ K¢K. The intermediate vector-meson
contributions to 3-body decays are identified through the vector current, while the scalar meson
resonances are mainly associated with the scalar density. Their effects are described in terms of the
Breit-Wigner formalism. Our main results are: (i) All KKK modes are dominated by the nonresonant
background. The predicted branching ratios of K* K~ K, KK~ K~ and K~ KgK modes are consistent
with the data within errors. (ii) Although the penguin-dominated B® — K* K~ K decay is subject to a
potentially significant tree pollution, its effective sin2 is very similar to that of the K¢K¢Kg mode.
However, direct CP asymmetry of the former, being of order —4%, is more prominent than the latter.
(iii) For B — Kma decays, we found sizable nonresonant contributions in K~ 7" 7~ and K'7* 7~
modes, in agreement with the Belle measurements but larger than the BABAR result. (iv) Time-dependent
CP asymmetries in Kg7’7°, a purely CP-even state, and Ks7* 7, an admixture of CP-even and
CP-odd components, are studied. (v) The 7+ 7~ 7% mode is found to have a rate larger than 7 7~ 7~
even though the former involves a #¥ in the final state. They are both dominated by resonant p
contributions. (vi) We have computed the resonant contributions to 3-body decays and determined the
rates for the quasi-two-body decays B — VP and B — SP. The predicted p, f((980)K and f,(980)7
rates are in agreement with the data, while the calculated ¢ K, K* 7, pK and K8(1430)7T are in general too
small compared to experiment. (vii) Sizable direct CP asymmetry is found in K" K~ K~ and K* K~ 7~

modes.
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I. INTRODUCTION

Three-body decays of heavy mesons are more compli-
cated than the two-body case as they receive resonant and
nonresonant contributions and involve 3-body matrix ele-
ments. The three-body meson decays are generally domi-
nated by intermediate vector and scalar resonances,
namely, they proceed via quasi-two-body decays contain-
ing a resonance state and a pseudoscalar meson. The
analysis of these decays using the Dalitz plot technique
enables one to study the properties of various resonances.
The nonresonant background is usually believed to be a
small fraction of the total 3-body decay rate. Experi-
mentally, it is hard to measure the direct 3-body decays
as the interference between nonresonant and quasi-two-
body amplitudes makes it difficult to disentangle these two
distinct contributions and extract the nonresonant one.

The Dalitz plot analysis of 3-body B decays provides a
nice methodology for extracting information on the unitar-
ity triangle in the standard model (SM). For example, the
Dalitz analysis combined with isospin symmetry allows
one to extract the angle a from B — p7m — wmm [1].
Recently, a method has been proposed in [2] for determin-
ing Cabibbo-Kobayashi-Maskawa (CKM) parameters in 3-
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body decays B — Kmm and B; — K. This method was
extended further in [3] to Al = 1, I(K*7r) = 1/2 ampli-
tudes in the above decays and to / = 1 amplitudes in B, —
K*K and B, — K*K.

Nonresonant 3-body decays of charmed mesons have
been measured in several channels and the nonresonant
signals in charm decays are found to be less than 10% [4].
In the past few years, some of the charmless B to 3-body
decay modes have also been measured at B factories and
studied using the Dalitz plot analysis. The measured frac-
tions and the corresponding branching ratios of nonreso-
nant components for some of 3-body B decay modes are
listed in Table I. We see that the nonresonant 3-body
decays could play an essential role in B decays. It is now
well established that the B — KKK modes are dominated
by the nonresonant background. For example, the nonre-
sonant fraction is about 90% in B® — KTK~K° decay.
While this is a surprise in view of the rather small non-
resonant contributions in 3-body charm decays, it is not
entirely unexpected because the energy release scale in
weak B decays is of order 5 GeV, whereas the major
resonances lie in the energy region of 0.77 to 1.6 GeV.
Consequently, it is likely that 3-body B decays may receive
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TABLE I
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Branching ratios of various charmless three-body decays of B mesons. The fractions and the corresponding branching

ratios of nonresonant (NR) components are included whenever available. The first and second entries are BABAR and Belle results,

respectively.

Decay BR (1079 BRyR(1079) NR fraction (%) Ref.
B > wtam 162+ 1.2+0.9 23*09*05<4.6 13.6 = 6.1 [5]
B~ — K wta 64.1 +2.4+ 4.0 287+065+043+°gg 45+ 1.5 [6]
488+ 1.1*+3.6 16.9 + 1.3 = 1.3%}4 34.0 = 2.27%1 [7]
B-— K"K K~ 35209 * 1.6* 50+ 6+4 141 + 16 +9 [8]
321 +1.3x24° 240 * 1.5 * 1.5¢ 74.8 + 3.6° [9]
B~ — K KK, 10.7 + 1.2+ 1.0 [10]
13.4+19+1.5 [11]
B — ROzt 7~ 43.0+23+23 [12]
47524 +37 19.9 25+ 1.6%97 41.9+51=0.6%11 [13]
B'— K otqa® 349 +21+39 <4.6 [14]
36.674% 3.0 57731703 <9.4 [15]
BY— KTK~K° 23.8+20* 1.6 26.7 + 4.6 112.0 = 14.9 [16]
28.3+33+4.0 [11]
B’ — K¢K 4K 6.9709 £ 0.6 [17]
42719 +0.8 [11]

"‘When the intrinsic charm contribution is excluded, the charmless branching ratio will become (33.5 + 0.9 = 1.6) X 107°

"When the contribution from B* — xeoK*t

is excluded, the charmless branching ratio will become (30.6 = 1.2

+2 3)><106

“Belle found two solutions for the fractions and branching ratios. We follow Belle to use the large solution.

sizable nonresonant contributions. At any rate, it is impor-
tant to understand and identify the underlying mechanism
for nonresonant decays.

The direct nonresonant three-body decays of mesons in
general receive two distinct contributions: one from the
pointlike weak transition and the other from the pole dia-
grams that involve three-point or four-point strong vertices.
For D decays, attempts of applying the effective SU(4) X
SU(4) chiral Lagrangian to describe the DP — DP and
PP — PP scattering at energies ~my, have been made by
several authors [18-22] to calculate the nonresonant D
decays, though in principle it is not justified to employ the
SU(4) chiral symmetry. As shown in [21,22], the predic-
tions of the nonresonant decay rates in chiral perturbation
theory are in general too small when compared with ex-
periment. With the advent of heavy quark symmetry and its
combination with chiral symmetry [23-25], the nonreso-
nant D decays can be studied reliably at least in the kine-
matic region where the final pseuodscalar mesons are soft.
Some of the direct 3-body D decays were studied based on
this approach [26,27].

For the case of B mesons, consider the three-body B
decay B — P{P,P;. Under the factorization hypothesis,
one of the nonresonant contributions arises from the tran-
sitions B — P, P,. The nonresonant background in charm-
less three-body B decays due to the transition B — PP,
has been studied extensively [28—33] based on heavy
meson chiral perturbation theory (HMChPT) [23-25].
However, the predicted decay rates are, in general, unex-
pectedly large. For example, the branching ratio of the

nonresonant decay B~ — 77~ 7~ is predicted to be of
order 107> in [28,29], which is too large compared to the
limit 4.6 X 107 set by BABAR [5]. Therefore, it is impor-
tant to reexamine and clarify the existing calculations.

The issue has to do with the applicability of HMChPT. In
order to apply this approach, two of the final-state pseu-
doscalars in B — PP, transition have to be soft. The
momentum of the soft pseudoscalar should be smaller
than the chiral-symmetry breaking scale of order 1 GeV.
For 3-body charmless B decays, the available phase space
where chiral perturbation theory is applicable is only a
small fraction of the whole Dalitz plot. Therefore, it is
not justified to apply chiral and heavy quark symmetries to
a certain kinematic region and then generalize it to the
region beyond its validity. In this work we shall assume the
momentum dependence of nonresonant amplitudes in the
exponential form e~ w5 (Pitr) 5o that the HMChPT re-
sults are recovered in the soft meson limit p;, p; — 0. We
shall see that the parameter aryg can be fixed from the tree-
dominated decay B~ — 7w 7 7.

However, the nonresonant background in B — PP,
transition does not suffice to account for the experimental
observation that the penguin-dominated decay B — KKK
is dominated by the nonresonant contributions. This im-
plies that the two-body matrix element e.g. (KK]|5s|0)
induced by the scalar density should have a large non-
resonant component. In the absence of first-principles cal-
culation, we will use the B°— K¢K¢Kg mode in
conjunction with the mass spectrum in B® — K*K~K°
to fix the nonresonant contribution to (KK|5s|0).
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In this work, we shall study the charmless 3-body decays
of B mesons using the factorization approach. Besides the
nonresonant background as discussed above, we will also
study resonant contributions to 3-body decays. Vector-
meson and scalar resonances contribute to the two-body
matrix elements (P P,|V,,|0) and (P, P,|S|0), respectively.
They can also contribute to the three-body matrix element
(P,P,|V,, —A,|B). Resonant effects are described in
terms of the usual Breit-Wigner formalism. In this manner
we are able to figure out the relevant resonances which
contribute to the 3-body decays of interest and compute the
rates of B— VP and B — SP. In conjunction with the
nonresonant contribution, we are ready to calculate the
total rates for three-body decays.

It should be stressed from the outset that in this work we
take the factorization approximation as a working hypothe-
sis rather than a first-principles starting point. If we start
with theories such as QCD factorization (QCDF) [34], or
perturbative QCD (pQCD) [35] or soft-collinear effective
theory [36], then we can take power corrections seriously
and make an estimation. Since factorization has not been
proved for three-body B decays, we shall work in the
phenomenological factorization model rather than in the
established theories such as QCDF. That is, we start with
the simple idea of factorization and see if it works for
three-body decays, in the hope that it will provide a useful
zeroth step for others to try to improve.

The penguin-induced three-body decays B°—
K*K Kg and K¢K¢Kg deserve special attention as the
current measurements of the deviation of sin2f.; in
KKK modes from sin2f3;,,x, may indicate new physics
in b — s penguin-induced modes. It is of great importance
to examine and estimate how much of the deviation of
sin2 B¢ is allowed in the SM. Owing to the presence of
color-allowed tree contributions in B — K"K~ Kj, this
mode is subject to a potentially significant tree pollution
and the deviation of the mixing-induced CP asymmetry
from that measured in B — J/¢/Kg could be as large as
0(0.10). Since the tree amplitude is tied to the nonresonant
background, it is very important to understand the non-
resonant contributions in order to have a reliable estimate
of sin2 B in KKK modes.

The layout of the present paper is as follows. In Sec. II
we shall apply the factorization approach to study B® —
K*K™ K and K¢K(K decays and discuss resonant and
nonresonant contributions. In order to set up the framework
for calculations we will discuss B — KKK modes in most
details. We then turn to K77 modes in Sec. III, the tree-

dominated modes KK 7 in Sec. IV, and 7777 in Sec. V. In
|
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Sec. VI, we determine the rates for B— VP and B — SP
and compare our results with the approach of QCD facto-
rization. Section VII contains our conclusions. The factor-
izable amplitudes of various B — P;P,P; decays are
summarized in Appendix A. The relevant input parameters
such as decay constants, form factors, etc. are collected in
Appendix B.

II. B— KKK DECAYS

For 3-body B decays, the b — sqg penguin transitions
contribute to the final states with odd number of kaons,
namely, KKK and K&, while b — uqg tree and b —
dgg penguin transitions contribute to final states with even
number of kaons, e.g. KK7 and waar. We shall first
discuss the b — s penguin-dominated 3-body decays in
detail and then turn to b — u tree-dominated modes. For
B — KKK modes, we shall first consider the neutral B
decays as they involve mixing-induced CP asymmetries.

A. B" — KKK decays

We consider the decay B — K"K~ K° as an illustra-
tion. Under the factorization approach, the B — K* K~ K°
decay amplitude consists of three distinct factorizable
terms: (i) the current-induced process with a meson emis-
sion, (B® — K"K X (0 — K~), (ii) the transition pro-
cess, (B"— K% X{(0— K"K™), and (i) the
annihilation process (B — 0) X (0 — K* K~ K°), where
(A — B) denotes a A — B transition matrix element. In
the factorization approach, the matrix element of the B —
K K K decay amplitude is given by

RRKIH lB) = 5L S AVRRKIT B, @)

p=u,.c

where /\Ef) = V,, V), and the explicit expression of 7', in
terms of four-quark operators is given in Eq. (A2). The
factorizable B — K* K~ K° decay amplitude is given in
Eq. (A4). Note that the Okubo-Zweig-lizuka (OZI)-
suppressed matrix element (K"K~ |(dd)y_4|0) is included
in the factorizable amplitude since it could be enhanced
through the long-distance pole contributions via the inter-
mediate vector mesons such as p° and w. Likewise, the
OZI-suppressed matrix elements (K K~ |(db),_,|B°) and
(K™K~ |d(1 — y5)b|B°) are included as they receive con-
tributions from the scalar resonances like f(980).

For the current-induced process, the two-meson transi-
tion matrix element (K°K*|(ith)y_4|B°) has the general
expression [37]

(RO(p)K* (p)l(iib)y—alB%) = ir(pg — p1 — p2)y T iwi(py + p1), T iw_(py — p)a

+ heappi(Pa + p1)*(p2 — p1)P,

where (71¢2)y—a = q17,(1 — vs5)g,. This leads to

(2.2)
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HMChPT — -
Acurrent -ind ~ <K (
_Jx

= [2m3r + (mB — Sy —
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DIGu)y-alOXK(p)K ™ (p)|(@b)y—4|B°)

my)w, + (s53 — 513 — m3 + mw_], (2.3)
where s5;; = (p; + p j)z. To compute the form factors r, @ and A, one needs to consider not only the pointlike contact
diagram, Fig. 1(a), but also various pole diagrams depicted in Fig. 1. In principle, one can apply HMChPT to evaluate the
form factors r, w, and w_ [37]. However, this will lead to too large decay rates in disagreement with experiment [38]. The

heavy meson chiral Lagrangian given in [23—25] is needed to compute the strong B*BP, B*B*P and BBPP vertices. The

results for the form factors are [29,37]

v, — _ 8 JBmE M [1 _(ps—p1)- pl} 5

+ ’
f%r §23 — m%; m12;* f2

o — 8 fp:mp: /mpmg: 1+ (Ps Pl) Pi

T2 sy —ml m2, ’
i & B 2.4)
_fs _f8 P (P2 — p1) 2ng* |mg (PB p1) " P _482fB mpp;

Y P Vs 523 = mi, [ (pp—p1— p)* — mp
PP (ps = Pp2 - (Ps = P1)/my,

— 2
§$23 mBT

where f, = 132 MeV, g is a heavy-flavor independent
strong coupling which can be extracted from the CLEO
measurement of the D** decay width, |g| = 0.59 +
0.01 = 0.07 [39]. We shall follow [23] to fix its sign to
be negative. The pointlike diagram Fig. 1(a) characterized
by the term f5/(2f2) contributes to the form factors w .
and r, while Figs. 1(b) and 1(d) contribute to r and Fig. 1(c)
contributes to all the form factors.

A direct calculation indicates that the branching ratio of
BY — K*K~ K" arising from the current-induced process
alone is already at the level of 77 X 10~° which exceeds
the measured total branching ratio of 25X 107% (see
Table I). The issue has to do with the applicability of
HMChHPT. In order to apply this approach, two of the
final-state pseudoscalars (K* and K° in this example)

K+ K’
K +
-0
B =0
B B~
O
(a) fo (b)
K’ x° K*
B’ B’ K* B’ B B-
—& @
() (d)

FIG. 1. Pointlike and pole diagrams responsible for the B —
K" K° matrix element induced by the current iy, (1 — vs)b,
where the symbol @ denotes an insertion of the current.

[

have to be soft. The momentum of the soft pseudoscalar
should be smaller than the chiral-symmetry breaking scale
A, of order 0.83 — 1.0 GeV. For 3-body charmless B
decays, the available phase space where chiral perturbation
theory is applicable is only a small fraction of the whole
Dalitz plot. Therefore, it is not justified to apply chiral and
heavy quark symmetries to a certain kinematic region and
then generalize it to the region beyond its validity. If the
soft meson result is assumed to be the same in the whole
Dalitz plot, the decay rate will be greatly overestimated.

In [38,40] we have tried to circumvent the aforemen-
tioned problem by applying HMChPT only to the strong
vertex and use the form factors to describe the weak vertex.
Moreover, we introduced a form factor to take care of the
off-shell effect. For example, Fig. 1(c) can be evaluated by
considering the strong interaction B® — K°B? followed by
the weak transition B — K* and the result is [38]

Sk 8/MBMp: s

AFlg 1) — fK Sy3 — B* F(S23, me)F1 (mg)[ BT miz
2
mp — $23 oK (m3) 5 )
B +

" ( Py L

— 5 + (S23 m2 + m3)(m3 8§73 — m%):|

13 i

Zth

(2.5)

where F, g "IK are the B; — K weak transition from factors in
the standard convention [41] and we have introduced a
form factor F(sy3, mg:) to take into account the off-shell
effect of the B pole [40]. It is parametrized as
F(sy3, mg:) = (A* — m%i) /(A% — s,3) with the cutoff pa-
rameter A chosentobe A = mp: + Agep. Needless to say,
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this parametrization of the form factor is somewhat arbi-
trary. Moreover, the nonresonant contribution thus calcu-
lated is too small compared to experiment.

The Dalitz plot analysis of B — K"K~ K° has been
recently performed by BABAR [16]. In the BABAR analy-
sis, a phenomenological parametrization of the nonreso-
nant amplitudes is described by

L, L,
Ang = (cpei®re™®n 4 ¢ zei®Be™ i

+ cazei®2e” @) (1 + bygeBtOw) (2.6)
and resonant terms are described by

A = 3 (14 b)), el 0008,

) ' , Q2.7)
AR = Zcr(l - br)frel(¢r75r+ﬁ)'

The BABAR results for isobar amplitudes, phases and
fractions from the fit to the B — K"K~ K° are summa-
rized in Table II. It is evident that this decay is dominated
by the nonresonant background. For our purpose, we will
parametrize the current-induced nonresonant amplitude
Eq. (2.3) as

Acurrem—ind = Agl\r/[rgﬂf_yil;]deiaNRpB'(p]+p2)ei¢'2, (28)
so that the HMChPT results are recovered in the chiral
limit p;, p, — 0. That is, the nonresonant amplitude in the
soft meson region is described by HMChPT, but its energy
dependence beyond the chiral limit is governed by the
exponential term e~ ®xPs*(P1+P2) In what follows, we shall
use the tree-dominated B~ — 7" 7~ 7~ decay data to fix
aNr, Which turns out to be

ang = 0.1037901% Gev ™2, (2.9)

This is very close to the naive expectation of ang ~
O[1/(2myA )] based on the dimensional argument. The
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phase ¢, of the nonresonant amplitude in the (K*K?)
system will be set to zero for simplicity.

For the transition amplitude, we need to evaluate the 2-
kaon creation matrix element which can be expressed in
terms of timelike kaon current form factors as

(K*(pg+)K ™ (px-)NGy,ql0) = (px- — px-) Fi ©°,
(KO(pgo)K(pgo)lgy .ql0) = (pgo — pgo) JFXE.
(2.10)
The weak vector form factors FX K~ and F, 50120 can be
related to the kaon electromagnetic (e.m.) form factors
FK'K™ and FK'K® for the charged and neutral kaons, re-
spectively. Phenomenologically, the e.m. form factors re-

ceive resonant and nonresonant contributions and can be
expressed by

FKX =F,+F,+ F4+ Fxg,

) (2.11)
0
FEK = —F, + F, + Fy + F
It follows from Egs. (2.10) and (2.11) that
. . 1
FK'K" = FK'K" = F 4+ 3F, + 3 BFxr = Flw)
FK'K" = K'Y — —F  +3F,, (2.12)

- c 1
FK'K = FRK" = —3F, — 3 BFxr + 2F (),

where use of isospin symmetry has been made.
The resonant and nonresonant terms in Eq. (2.11) can be
parametrized as

Cp

Fy(s23) = . ,

(1) x(l/) x(zl) 523\ ]!
FO (s )=<—+—)[ln<~—>:| ,
NR\P23 53 353 A2

with A = 0.3 GeV. The expression for the nonresonant

TABLE II. BABAR results for isobar amplitudes, phases, and fractions from the fit to the BY —

KK~ K° [16]. Three rows for nonresonant contribution correspond to coefficients of exponen-
tial functions in Eq. (2.6), while the fraction is given for the combined amplitude. For the
nonresonant decay mode in K™ K, the amplitude ¢, and the phase ¢, in Eq. (2.6) are fixed to

be one and zero, respectively. Errors are statistical only.

Decay Amplitude ¢, Phase ¢, Fraction (%)
$(1020)K° 0.0085 = 0.0010 —0.016 = 0.234 125+ 1.3
fo(980)K?® 0.622 = 0.046 —0.14 = 0.14 40.2 £9.6
X,(1550)K° 0.114 £0.018 —0.47 = 0.20 41=*13
(KK )nrK° 1 (fixed) 0 (fixed)

(KTKO)rK™ 0.33 £0.07 1.95 = 0.27 112.0 = 14.9
(K~ KORK* 0.31 =0.08 —1.34 = 0.37

Xo(1P)K? 0.0306 = 0.006 49 9‘2?313 +0.54 3.0x1.2
D*K~ 1.11 £0.17 3615
DK~ 0.76 = 0.14 1.8 = 0.6
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form factor is motivated by the asymptotic constraint from
pQCD, namely, F(1) — (1/0)[In(z/A?)]"! in the large ¢
limit [42]. The unknown parameters c;, x; and x! are fitted
from the kaon e.m. data, giving the best fit values (in units
of GeV? for ¢, [43]:

, =3¢, = cy = 0.363,
Cp(1700) =171 X 10_3,

C Cp(1450) = 798 X 10_3,
Cw(1420) = —7.64 X 10_2,

c¢(1680) =-20X 10_2,
(2.14)

ca)(1650) = —0.1 16,

and
x; = —3.26 GeV?, x, = 5.02 GeV*4,

(2.15)
xp =047 GeV?, xy =0.

Note that the form factors F, , 4 in Egs. (2.11) and (2.12)
include the contributions from the vector mesons p(770),
p(1450), p(1700), w(782), w(1420), w(1650), ¢(1020)
and ¢(1680). It is interesting to note that (i) the fitted
values of cy are very close to the vector-meson dominance
expression gy, gykk for V. = p, o, ¢ [4,44], where gy, is
the e.m. coupling of the vector meson defined by
(Vljeml0) = gy, €y and gyxg is the V — KK strong cou-
pling  with  —gygrg = é’pK*Ir/\/i = Gk k /V2 =
3.03, and (ii) the vector-meson pole contributions alone
yield FK X" (0) = 1, —1 and FK"X"(0) = 0 as the charged
kaon does not contain the valence d quark. The matrix
element for the current-induced decay process then has the
expression

(R(pOIED)y—al BPYK* (p2) K~ (p3)1(Gq)y-4l0)

= (512 = s13)FPK (s03) FK K" (s53). (2.16)

We also need to specify the 2-body matrix elements
(K"K~ |5s|0)K°|5b|B°) induced from the scalar densities.
The use of the equation of motion leads to

P P
m3 — m

£ K — K FEK (503).
m

s

(K°(p))I5b1B(pp)) = 2.17)

The matrix element (K™K~ |5s|0) receives resonant and
nonresonant contributions:

(K (p2)K ™ (p3)|5s|0) = KK (553)
Fo—mK K™
= Z fOrffoLg ’ + FNR
fo 5237 lmft)frfo; A

iR = §(3FNR +2FNg) + onge @,
(2.18)

where f(; denote the generic fj-type scalar mesons,
Foi = £0(980), £o(1370), £4(1500), Xo(1550), - - - , the sca-
lar decay constant f% is defined by (fo;|3s|0) = my f%
[see Eq. (B1)], g/o—K"K" is the f,; — KTK~ strong cou-
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pling, and the nonresonant terms are related to those in
FK KT through the equation of motion. The presence of the
nonresonant oyg term will be explained shortly. The main
scalar meson pole contributions are those that have domi-
nant s5 content and large coupling to KK. We consider the
scalar mesons f,(980) and X,,(1550) [denoted as fx(1500)
by Belle] which are supposed to have the largest
couplings with the KK pair. Note that the nature of the
broad state X,(1550) observed by BABAR and Belle, for
example, what is its relation with f;,(1500), is not clear.
To proceed with the numerical calculations, we shall
use gf0(980)—»K+K’ =43 GGV,I gXO(ISSO)—J(*K’ —
1.4 GCV, Ff0(980) = 80 MeV, FX0(1550) = 0.257 GeV [8],
froos0) (e = mp/2) 2 0.46 GeV  [46] and  fr (1530) =
0.30 GeV. The sign of the resonant terms is fixed by

K"K (0) = v from a chiral perturbation theory calcula-
tion (see, for example, [47]). It should be stressed that
although the nonresonant contributions to fXX and FXX
are related through the equation of motion, the resonant
ones are different and not related a priori. As stressed in
[40], to apply the equation of motion, the form factors
should be away from the resonant region. In the presence
of the resonances, we thus need to introduce a nonresonant
term characterized by the parameter ong in Eq. (2.18)
which will be specified later. The parameter « appearing
in the same equation should be close to the value of ayg
given in Eq. (2.9). We will use the experimental measure-
ment @ = (0.14 = 0.02) GeV 2 [16].

As noticed  before, the matrix elements
(K"K~|(db)y_4|B°) and (KK~ |d(1 — 5)b|B°) are in-
cluded in Eq. (A4) as they receive intermediate scalar pole
contributions. More explicitly,

(K*(p2)K ™ (p3)l(db)y—4|BO)*

gfoi—'K+K7 _ =0
= > : T <f0i|(db)V—A|B ). (2.19)
T My, T S T Mgl g,
Hence,
<k0(P1)|(§d)v—A|0><K+(P2)K_(P3)|(ﬂ7b)v—A|BO>R
fn—’K+K7
= Z ( - fKFBfU‘ (m%)(m% — m} ).
i f(» T S23 lmf()irfm o

(2.20)

. BfL . .
The superscript u of the form factor F; 7 reminds us that it
is the uit quark content that gets involved in the B to fy;

"This is different from the coupling g/o@80—K"K" = 1 5 GeV
originally employed in [40]. The coupling g/o¢ 0807 7
133 GeV can be fixed from a recent Belle measurement of

f0(980) — 7" 77~) [see Eq. (3.18)]. Using the BES result
(gfo(()%o)_'KK/ng O80)=7m)2 = 4 2] + (.25 = 0.21 [45], one can
deduce that g/o®80—KK =27+ (.6 GeV. In this work, we
found that a slightly large coupling g/0®30—=KK will give better
numerical results.
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form factor transition. In short, the relevant f,(980) pole
contributions to B — KK~ K" are

gf0980—K K~

(K°K*K™|T,|B%;, = — .
’ My, — 523~ lmforfo

me -
x {2 L FR o oy = )

1
X <ag - Eag)
+ P m2) (3 — m2)
ko x/\mp fo
1 1
x| af = 3t = @ - 5abrk |
(2.21)

where we have employed Eq. (2.18) and applied
equations of motion to the matrix elements (K°|5ysd|0) X
(K"K~ |dysb|B®). Comparing this equation with Eq. (A6)
of [48], we see that the expression inside {- - -} is identical
to that of B® — £,(980)K?, as it should be.

We digress for a moment to discuss the wave function of
the f(980). What is the quark structure of the light scalar
mesons below or near 1 GeV has been quite controversial.
In this work we shall consider the conventional ¢g assign-
ment for the £((980). In the naive quark model, the flavor
wave functions of the f,(980) and o(600) read

1 -
o= ﬁ(uﬁ + dd), fo =53,
where the ideal mixing for f, and o has been assumed. In
this picture, f(980) is purely an s5 state. However, there
also exists some experimental evidence indicating that
f0(980) is not purely an s5 state. First, the observation of
LU/ — fow) =AT(J /i — fop) [4] clearly indicates
the existence of the nonstrange and strange quark content
in f(980). Second, the fact that £,,(980) and a((980) have
similar widths and that the f) width is dominated by 77
also suggests the composition of wuii and dd pairs in
f0(980); that is, f,(980) — 77 should not be
OZI suppressed relative to a(980) — 77. Therefore, iso-

scalars 0(600) and f, must have a mixing

| £0(980)) = |s5) cosf + |nit)sind,
|o(600)) = —|s5)sinf + |nii) coso,

(2.22)

(2.23)

with nii = (iiu + dd)/~/2. Experimental implications for
the f, — o mixing angle have been discussed in detail in
[49]. It is found that 6 lies in the ranges of 25° < # < 40°
and —40° < 6 < —15° (or 140° < § < 165°). Note that
the phenomenological analysis of the radiative decays
¢ — fp(980)y and f,(980) — y7y favors a solution of
the @ to be negative (or in the second quadrant). In this
work, we shall use § = —25°.

Finally, the matrix elements involving 3-kaon creation
are given by [38]

PHYSICAL REVIEW D 76, 094006 (2007)

(K°(p)K* (p2)K~ (p3)I(5d)y—al0)0l(db)y 41 B%) = 0,

(K (pOK* (p2)K™ (p3)|5y5d|0)0ldysb|B)
_ vam% (1 _Si3 T mi — m%>FKKK(m%)’ (2.24)

2 02

famy my — my
where
2 2 2
ms,. miy —m
=K K T (2.25)
m, + my mg — my

characterizes the quark-order parameter (gg) which spon-
taneously breaks the chiral symmetry. Both relations in
Eq. (2.24) are originally derived in the chiral limit [38] and
hence the quark masses appearing in Eq. (2.25) are referred
to the scale ~1 GeV. The first relation reflects helicity
suppression which is expected to be even more effective for
energetic kaons. For the second relation, we introduce the
form factor FKKK to extrapolate the chiral result to the
physical region. Following [38] we shall take FKKK(g?) =
1/[1 = (¢*/A%)] with A, =0.83 GeV being a chiral-
symmetry breaking scale.

To proceed with the numerical calculations, we need to
specify the input parameters. The relevant CKM matrix
elements, decay constants, form factors, the effective
Wilson coefficients a and the running quark masses are
collected in Appendix B. As for the parameter ongr in
Eq. (2.18), in principle we can set its phase ¢, to zero
and use the measured K K K, rate, namely, B(B° —
K¢K¢Kg) = (6.2 £ 0.9) X 107° [50], to fix the parameter
onr and then use the data obtained from the Dalitz plot
analysis to determine the strong phases ¢, for resonant
amplitudes. However, in doing so one needs the data of
invariant mass spectra. In the absence of such information,
instead we will treat ¢, as a free parameter and do not
assign any other strong phases to the resonant amplitudes
except for those arising from the Breit-Wigner formalism.
It turns out that if ¢, is small, the K™ K~ mass spectrum in
B° — K"K~ K will have a prominent hump at the invari-
ant mass mg+x- = 3 GeV, which is not seen experimen-
tally [see Fig. 2(c)]. We found that ¢, = 7/4 will yield
K* K~ mass spectrum consistent with the data

oxg = €™*(3.361142) GeV. (2.26)
Note that the phase of ong is consistent with the BABAR
measurement shown in Table II, namely, @BABAR —
1.19 = 0.37.

The calculated branching ratios of resonant and non-
resonant contributions to B — K* K~ K° are summarized
in Table III. The theoretical errors shown there are from the
uncertainties in (i) the parameter ayg Which governs the
momentum dependence of the nonresonant amplitude,
(i) the strange quark mass m, the form factor F5X and
the nonresonant parameter ongr, and (iii) the unitarity
angle vy.
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(a)

FIG. 2 (color online).

(b) ()

The K™K~ mass spectra for B° — K™K~ K decay from (a) CP-even and (b) CP-odd contributions. The inset

in (b) is for the ¢ region. The full K™ K~ K spectrum, which is the sum of CP-even and CP-odd parts, measured by BABAR [16] is

depicted in (c).

In QCD calculations based on a heavy quark expansion,
one faces uncertainties arising from power corrections
such as annihilation and hard-scattering contributions.
For example, in QCD factorization, there are large theo-
retical uncertainties related to the modelling of power
corrections corresponding to weak annihilation effects
and the chirally enhanced power corrections to hard spec-
tator scattering. Even for two-body B decays, power cor-
rections are of order (10—20)% for tree-dominated modes,
but they are usually bigger than the central values for
penguin-dominated decays. Needless to say, 1/m;, power
corrections for three-body decays may well be larger.
However, as stressed in the Introduction, in this explor-
atory work we use the phenomenological factorization
model rather than in the established theories based on a
heavy quark expansion. Consequently, uncertainties due to
power corrections, at this stage, are not included in our
calculations, by assumption. In view of such shortcomings
we must emphasize that the additional errors due to such
model dependent assumptions may be sizable.

From Table III we see that the predicted rates for reso-
nant and nonresonant components are consistent with ex-
periment within errors. The nonresonant contribution
arises dominantly from the transition process (88%) via
the scalar-density-induced vacuum to KK transition,
namely, (K"K |5s|0), and slightly from the current-

TABLE III.  Branching ratios (in units of 10~°) of resonant and
nonresonant (NR) contributions to B — K™K~ K°. Theoretical
errors correspond to the uncertainties in (i) ang, (ii) my, F; gK and
onrs and (iii) y = (59 = 7)°. We do not have 1/m;, power
corrections within this model. However, systematic errors due
to model dependent assumptions may be sizable and are not
included in the error estimates that we give. Experimental results
are taken from Table II.

Decay mode BABAR [16] Theory
ok 2.98 + 0.45 260070300
£0(980)K° 9.57 = 2.51 5.8+00+0.170.0
Xo(1550)K~ 0.98 + 0.33 0.9370:90+0.16+0.00
NR 26.7 + 4.6 181705734703
Total 23.8 2.0+ 1.6 19.8104102401

induced process (3%). Therefore, it is natural to conjecture
that nonresonant decays could also play a prominent role in
other penguin-dominated 3-body B decays.

The K"K~ Kg mode is an admixture of CP-even and
CP-odd components. By excluding the major CP-odd
contribution from ¢Kj, the 3-body K"K~ Kj final state
is primarily CP even. The K+ K~ mass spectra of the B —
K"K~ Ky decay from CP-even and CP-0dd contributions
are shown in Fig. 2. For the CP-even spectrum, there are
peaks at the threshold and mg+x- = 1.5 GeV region. The
threshold enhancement arises from the f;(980)K and the
nonresonant X X~ contributions [see Eq. (2.18)].” For the
CP-odd spectrum, the peak on the lower end corresponds
to the ¢ K contribution, which is also shown in the inset.
The b — u transition is governed by the current-induced
process (B — KT K% X (0 — K~) [see Eq. (A4)]. From
Eq. (2.8) itis clear that the b — u amplitude prefers a small
invariant mass of K* and K° and hence a large invariant
mass of K and K~. In contrast, the b — s amplitude
prefers a small s,5. Consequently, their interference is
largely suppressed. The full K™ K~ K spectrum, which is
the sum of the CP-even and the CP-odd parts, has been
measured by BABAR [Fig. 2(c)]. It clearly shows the
phenomenon of threshold enhancement and the scalar
resonances X,(1550) and y..

The decay B — K KK is a pure penguin-induced
mode [cf. Eq. (A7)] and it receives intermediate pole
contributions only from the isosinglet scalar mesons such
as f(980). Just like other KKK modes, this decay is
governed by the nonresonant background dominated by
the onr term defined in Eq. (2.18). Hence, this mode is
ideal for determining the unknown parameter oyg Which is
given in Eq. (2.26). Time-dependent CP violation in neu-

%In our previous work [40] we have argued that the spectrum
should have a peak at the large myg+g- end. This is because we
have introduced an additional nonresonant contribution to the
w_ parameter parametrized as V% = k 2pyP2 gpd employed the
B~ — DYK°K™ data and applied isospin é?mmetry to the B —
KK matrix elements to determine the unknown parameter k.
Since this nonresonant term favors a small m+ g region, a peak
of the spectrum at large my+ - is thus expected. However, such
a bump is not seen experimentally [16]. In this work we will no
longer consider this term.
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TABLE IV. Branching ratios for B — K"K~ Ky, K(KsKs,
K K¢K; decays and the fraction of CP-even contribution to
B — K"K Kg, f. The branching ratio of CP-odd Kt K™ Kj
with ¢Kg excluded is shown in parentheses. Results for
(K*K™K;)cp+ are identical to those for (K* K~ Kg)cp=. For
theoretical errors, see Table III. Experimental results are taken
from [50].

PHYSICAL REVIEW D 76, 094006 (2007)

TABLE V. Mixing-induced and direct CP asymmetries
sin2Bg (top) and A, (in %, bottom), respectively, in B* —
K"K~ Ky and KgKgKg decays. Experimental results for
K"K Ky and K"K~ K; modes are obtained from the data of
B — K"K K°. Results for (K*K K;)cp. are identical to
those for (K* K~ K)cp=. For theoretical errors, see Table III.
Experimental results are taken from [50].

Final-state B(10™ ) heory B(10™ ) exp

i +0.19+2.28+0.07
K"K Ky 9.89 g1t T8—008 124 + 1.2
- +0.10+1.82+0.05
(K"K™Ks)cp+ 8.33 7012149006
- +0.00+0,46+0.02
(K"K~ Kg)cp- L.577570 032 002
+0.06+0.14+0.01
(0142506 5006001
KSKSKS Input 62 + 09
+0.01+1.37+0.03
KsKsK; 7.637001-119-0.03 <14
theory expt
+ J+
- +0.01+0.01+0.00
K"K Ky 0.98 6012002000 0.91 £ 0.07
ftlle(ny
- +0.01+0.01+0.00
K"K™K; 0.987401 70:020.00

tral 3-body decay modes with fixed CP parity was first
discussed by Gershon and Hazumi [51].

Results for the decay rates and CP asymmetries in B —
K"K~ Kg1), KsKsKg() are displayed in Tables IV and V,
respectively. (For the decay amplitudes of B°—
KsKgKg(), see [40] for details.) The mixing-induced CP
violations are defined by

2 [Im(e 2 PAcpsAfp.)dsiadsy;
[AcpsPdsipdsy; + [|Acp:|dsiadsay’
2 [Im(e 2PAA*)dsydsys
[APds adsy; + [|AIPdsadsy;

SKKK,CPi =

Skkx =

= f+Skkkcp+ T (1 — f)Skkxcp—  (2.27)

where A is the decay amplitude of B® — K"K~ Ky, or
KsK¢Kgq) and A is the conjugated B® decay amplitude,
and f, is the CP even fraction defined by

f EFCP+ +I?CP+
" r+r

Generally, it is more convenient to define an effective
sin2B via Sy = —mgsin2Bey with ny =2f, — 1 for
K"K~ Kg. The predicted value of f, is consistent with
the data but it is on the higher end of the experimental
measurement because the CP-odd contributions from the
vector mesons p, w, ..., are OZI suppressed and the
CP-odd nonresonant contribution is constrained by the
o rate.

The deviation of the mixing-induced CP asymmetry in
B’ — K*K™ K and K¢KK from that measured in B —
b:Ks, ie. sin2fB, g = 0.681 = 0.025 [50], namely,
Asin2B = sin2B — sin2B, g, is calculated from

| K sexcluded. (2.28)

Final state Sin2 B¢ Expt.
(K*K™Ks)gkexcudea 0728500000000 073 £0.10
(KK Ky)ep, 0732: 85000 b0
(K"K K1) gk, excluded 072875903 10.002+0.00%  0.73 £ 0.10
KKKy 0.719 1000 0000 000 0.58 =0.20
KsKsK, 0.7185:066-0:000-0.015

Ar (%) Expt.
(K"K™Ks)proexciuged  —4635103 033705 —7%8
(K"K~ Kg)cp+ —4.867 105035 0%
(K" K™ K1) gk, excluded —4.635 37103303 —7x8
KKK 0.6975.1+0.01+0.03 14+ 15
KsKsK) 0771001003 5007
Table V to be
A sin2Bg+g-x. = 0.047+0.028
s 0.033 (2.29)

A sin2Bg x.x, = 0.03870:33].

The corresponding experimental values are 0.049 = 0.10
and —0.101 = 0.20, respectively. Because of the presence
of color-allowed tree contributions in B — K™K~ Ky, itis
naively expected that this penguin-dominated mode is
subject to a potentially significant tree pollution and hence
A sin2 B, can be as large as O(10%). However, our cal-
culation indicates the deviation of the mixing-induced CP
asymmetry in B — K K~ K from that measured in B° —
¢.:Ks is very similar to that of the K¢K¢K¢ mode as the
tree pollution effect in the former is somewhat washed out.
Nevertheless, direct CP asymmetry of the former, being of
order —4%, is more prominent than the latter.’

B. B~ — KKK decays

The B~ — K*K K~ decay amplitude has a similar
expression as Eq. (A4) except that one also needs to add
the contributions from the interchange s,3 — s, and put a
factor of 1/2 in the decay rate to account for the identical
particle effect.

3In our previous work [40], A sin2. is found to be

Asin2Bg+ gk, = 0.06725, A sin2Bg gk, = 0.067503,

for sin2 Bk, = 0.687 = 0.032, while direct CP asymmetry is
less than 1% in both modes. Note that due to an oversight the
experimental error bars were not included in our previous paper
for the theoretical calculation of A sin2B.-.
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TABLE VI. Branching ratios (in units of 107°) of resonant and nonresonant (NR) contribu-
tions to B~ — K"K~ K. For theoretical errors, see Table III.

Decay mode BABAR [8] Belle [9] Theory
dK~ 4.14+0.32+0.33 4.72 +0.45 = 0.35%03) 2.9709+03+00
fo(980)K~ 6.5+25*1.6 <2.9 7.04001 0304
Xo(1550)K~ 43+6+3 L1590+02+00
fo(1710)K~ 1.7£1.0x0.3

NR 50+6=*4 24.0 = 1.5 = 1.8719 25.3703+48+03
Total 35209+ 1.6 321 = 1.3 +24 25.5703+44702
TABLE VII. Branching ratios (in units of 107°) of resonant and nonresonant (NR) contribu-

tions to B~ — K~ KgKj. For theoretical errors, see Table III.

Decay mode f0(980)K~ Xo(1550) K~ NR Total
Theory 52500503501 0925007018000 1247535 50%01 | 122505513760
Expt. 115+ 1.3

Branching ratios of resonant and nonresonant contribu-
tions to B~ — K"K~ K~ are shown in Table VL. It is clear
that the predicted rates of resonant and nonresonant com-
ponents are consistent with the data except for the broad
scalar resonance X,(1550). Both BABAR and Belle have
seen a large fraction from X,(1550), (121 = 19 = 6)% by
BABAR [8] and (63.4 = 6.9)% by Belle [9],* while our
prediction is similar to that in B — K*K~K°. It is not
clear why there is a huge disparity between B~ —
K"K K~ and B — K"K K° as far as the X,(1550)
contribution is concerned. Obviously, a refined measure-
ment of the X(1550) contribution to the K™ K~ K~ mode
is urgently needed in order to clarify this issue. Our result
for the nonresonant contribution is in good agreement with
Belle, but disagrees with BABAR. Notice that Belle did not
see the scalar resonance f,(980) as Belle employed the
E791 result [52] for g/o~KK which is smaller than g/o=77,
In contrast to E791, the ratio g/o—KK /g/o=77 is measured
to be larger than 4 in the existing e”e” experiments
[45,53]

We next turn to the decay B~ — K~ K¢Kj. Following
[54], let us consider the symmetric state of K°K?

KR gym = [IK(p1)K (p2)) + |RO(p)) K (pu))]/N/2
= [IKs(p1)Ks(p2)) — |KL(p)KL(P2))]/V2.
(2.30)
Hence,

“Belle [9] actually found two solutions for the fraction of
Xo(1550)K~: (63.4 = 6.9)% and (8.21 = 1.94)%. The first so-
lution is preferred by Belle.

B(B7 g KiKsKs) = %[3(87 — KiKsKs)
+ B(B_ i K_KLKL)]
= %B(B_ — K (K°K%)yym).  (231)

The factorizable amplitude of B~ — K~ K°K" is given by
Eq. (A8). Just as other KKK modes, this decay is also
expected to be dominated by the nonresonant contribution
(see Table VII). The calculated total rate is in good agree-
ment with experiment. Just as the pure penguin mode
K(K¢Kg, the decay B~ — K~ KKy also can be used to
constrain the nonresonant parameter oyg.

As pointed out in [54], isospin symmetry implies the
relation

A(B~ — K K°K%) = —AB°— K°KTK™). (2.32)
This leads to
BB~ — K*(K()I?O)Sym)
— T ) BB KK R (239

7(BY)

Experimentally, this relation is well satisfied: lhs =
(23.0x26) X 107® and rths=(22.1 £2.1) X 107,
Hence, the isospin relation Eq. (2.32) is well respected.

III. B — K7 DECAYS

In this section we shall consider five B — K77 decays,
namely, B~ =K 77", K'7m #° B — K =w*n°
K7t~ and K°7°7°. They are dominated by b — s
penguin transition and consist of three decay processes:
(i) the current-induced process, (B — 7m) X (0 — K),
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(ii) the transition processes, (B — 7)) X (0 — 7K), and  have the three-body matrix element {w|(gb)y_4|B)
(B— K) X {0 — 7rmr), and (iii) the annihilation process which has the similar expression as Egs. (2.3) and (2.4)
(B— 0) X (0 — K7m). except that the pole B is replaced by B* and the kaon is

The factorizable amplitudes for B~ — K~ #"7~,  replaced by the pion. However, there are additional reso-
K7 7% B'— K 7*#°, K77~ and K°7°#° are  nant contributions to this three-body matrix element due to

given in Eqs. (A10)—(A14), respectively. All five channels  the intermediate vector p and scalar f, mesons
J

—
gp

€ — paXp?l(@b)y_41B~)
%i - s23 lm Fpl ; ’ v

+Zz

T My, TS lmfo;rfm

(7 (p)m (p3)|(@b)y_AB™)R = Z

(foil(@b)y_41B™), 3.1

where p; denote generic p-type vector mesons, €.g. p = p(770), p(1450), p(1700), .... Applying Egs. (B1) and (B6) we
are led to

Q—>7T+ T
gp

(T (p) 7™ (p)l(@b)y 4B~ YK~ (p)l(5u)y—410) = Z > o

o’ — 83 —im

(512 - 513)
PiFPi
A3P(q?)

(s12 + 513 — 3m%)
mp + my,

X [(mB + m, AP (g) -

— 2m, [P (g?) — Agwqm}

ngf(Ji_'Tf T o
' —m ) Fo 32
Z %(n — 8§23 T imf()irfo (mB mfo) 0 (q ) ( )

Likewise, the 3-body matrix element (K~ 7" |(5b)y_4|B°) appearing in B — K~ 7" 7° also receives the following
resonant contributions

Ki—K 7"
ghi

(K~ (p) 7 (p)I(5b)y 4| B = Z 2

mK:« — S — lmerKf

D e+ (pr = pKOI(5b)y-41B°), (33)

i pol

with K7 = K*(892), K*(1410), K*(1680), . ...
For the two-body matrix elements (7" K~ |(5d)y _4|0), (7" 7~ |(iiu)y_4|0) and (7r* 7~ |5s5|0), we note that

(K™ (pO)m" (pIIGd)y-al0) = (7" (p)I(d)y-al KT (= p1))
2

m — m2
= (p1 — P Ff(s1p) + Ks—(l’l + p2) [ —FF7(s12) + F§™(s12)], (3.4)
12

where we have taken into account the sign flip arising from interchanging the operators s < d. Hence,

2 _ 2 2 2
(K () (a0 (pI@Dy- ) = FE P51 335 = 5 - (i — i) ’””)}

S12

(my — m3)(mg — m3)

+ F§™(s10)F§™(s12) . (3.5)
12
However, the form factor F| also receives resonant contributions
A% 1 ! ol oLt ) (3.6)
* m g+ * # y .
Z( K 7K m%{j - S1p — lmK{*F[(}* K,‘ K,‘ m%(* — Sy — lmK‘ r K pl p2 /’“)
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with
euAienx = (K™ (p)7" (p2)|K™)
= g"7Re" - (p1 = p2), 3.7
where K;;; = K;;(1430), .. .. Hence, the resonant contribu-
tions to the form factor FX™ are
m: fr: 85K
Pl = 3
' T\ =8~ lijij
fre g% k7
et ) (3.8)
My =S = ZmKS;FK&

In principle, the weak vector form factor F 77 defined by

(m" (pr)m (pr- )iy ,ul0) = (pr+ — pwf)#Fﬁw*,
3.9

can be related to the timelike pion electromagnetic form
factors. However, unlike the kaon case, the timelike e.m.
form factors of the pions are not well measured enough
allowing us to determine the resonant and nonresonant
parts. Therefore, we shall only consider the resonant part
which has the expression

Mo 8"
an'(s) — Zmz PiJ P

i Pi

(3.10)

-5~ lmﬂirﬂi

Following Eq. (2.18), the relevant matrix elements of
scalar densities read

— _ m ifs, »gf()i_'77'+777
(mt(pa)7m (p3)|5s|0)y = Z ; fo_ Foi S
T My, §23 tmyg L.
+ {7t (p2) 7 (p3)|5s|ONR,
3.11)
|
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and

- < my f: gFo™K ™

(K~ (p)) 7t (py)l5d|0)y = Z L _
i ngi — S — lmK& K:;i

+ (K~ (pr) 7t (py)|5dI0O)NR.

(3.12)

Note that for the scalar meson, the decay constants fg and
fs are defined in Eq. (B1) and they are related via Eq. (B2).
The nonresonant contribution (7" (p,)7~ (p3)|5s|O)NR

vanishes under the OZI rule, while under SU(3) symmetry”

(K~ (p) " (p)I5d|0)™® = (K™ (p)K ™ (p2)|5s|0F

= NR(s12), (3.13)

with the expression of fNR given in Eq. (2.18).
It is known that in the narrow width approximation, the
3-body decay rate obeys the factorization relation

I'(B— RP — P,P,P) = I'(B— RP)B(R — P,P,),
(3.14)

with R being a resonance. This means that the amplitudes
A(B — RP — P,P,P) and A(B — RP) should have the
same expressions apart from some factors. Hence, using
the known results for quasi-two-body decay amplitude
A(B — RP), one can have a cross check on the three-
body decay amplitude of B — RP — PP, P. For example,
from Eq. (A12) we obtain the factorizable amplitude
A(B® — K30(1430)7°; K3°(1430) — K~ 7") as

K0(1430)—K 7"

_ = g
(K (P1)7T+(P2)7TO(P3)|Tp|BO>K;;0(143o) =

0

1
\/Em% — S

lmK(’;FKS-

K 1 K
X {(—ag +rfiag + 5 (afy - rxoag)> fi FE7(m )}y — md)

3 BK®
- |:a26pu + E(a‘) - a7):|f7rF0 0 m%r)(m%; - m%(g)}:

where

2
2m X!

e (u) = (3.16)

my () (mg(p) — my(p))

>The matrix elements of scalar densities can be generally
decomposed into D-, F- and S (singlet)—type components.
Assuming that the singlet component is OZI suppressed, SU(3)
symmetry leads to, for example, the relation (Kr|5g|0)NR =
(KK|5s|0)NR,

(3.15)

{
The expression inside {---} is indeed the amplitude of
B° — K3°(1430)7° given in Eq. (A6) of [48].

The strong coupling constants such as g™ ™ and
g/oO80=7"7" are determined from the measured partial
widths through the relations

p 2 pi
FS - - ‘g%_’P1P2’ Iy = § 477.:”2 g%/—>P1P2’
\%4

- 2
8mmyg

(3.17)
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TABLE VIII. Branching ratios (in units of 107%) of resonant and nonresonant (NR) contri-
butions to B~ — K~ 7r* 7~. For theoretical errors, see Table III.

Decay mode BABAR [6] Belle [7] Theory
K7™ 9.04 = 0.77 * 0.53792} 6.45 + 0.43 + 0.481023 3.01007 05489
K0(1430) 7 344 1.7 = 1.870} 32.0 £ 1.0 £ 2.47}4 10.5530735509
e 5.08 = 0.78 + 0.3979.22 3.89 * 0.47 = 0.297932 13500409 01
fo(980)K~ 9.30 = 0.98 + 0.5172] 8.78 £ 0.82 = 0.657923 AT A et
NR 2.87 = 0.65 = 0.43+083 169 + 1.3+ 1.37)} 18,7103+ L0702
Total 64.4 2.5+ 4.6 488 = 1.1 = 3.6 450193 164+01

for scalar and vector mesons, respectively, where p,. is the
c.m. momentum. The numerical results are

g™ T =60,  gKTK'T =459
gloO80—m" " — 1331029 GeV, (3.18)
gK—K'm =384 GeV.

In determining the coupling of fy — 7" 7, we have used
the partial width

I'(fo(980) = 7o) = (3427133788 Mev  (3.19)

measured by Belle [55]. The momentum dependence of the

weak form factor FX7(g?) is parametrized as
FK’TT(O)

1-— qz/Af( + zTR/AX’

FE7(q?) = (3.20)
where A, =~ 830 MeV is the chiral-symmetry breaking
scale [47] and I'y is the width of the relevant resonance,
which is taken to be 200 MeV [38].

The results of the calculation are summarized in
Tables VIII, IX, X, XI, and XII. We see that except for
f0(980)K, the predicted rates for K*7r, K;(1430)7r and pK
are smaller than the data. Indeed, the predictions based on
QCD factorization for these decays are also generally
smaller than experiment by a factor of 2 ~ 5. This will
be discussed in more detail in Sec. VI.

While Belle has found a sizable fraction of order (35 ~
40)% for the nonresonant signal in K~ 7 7~ and
K7 7~ modes (see Table I), BABAR reported a small
fraction of order 4.5% in K~ 7" 7~ . The huge disparity
between BABAR and Belle is ascribed to the different

TABLE IX. Same as Table VIII except for the decay B~ —
Ko7~ 70,

Decay mode Theory Decay mode Theory

K a0 LSTOT03763 | KOm LSTRRTReee
K;;—_(1430)770 5.5100+Let01 | gu0(1430)7~ 5.2799+16+00
p~ KO 1.3+00+30+00 NR  10.0%03%35%00
Total 27.0103 1154102

parametrizations adopted by both groups. BABAR [6]
used the LASS parametrization to describe the K
S-wave and the nonresonant component by a single ampli-
tude suggested by the LASS Collaboration to describe the
scalar amplitude in elastic K7 scattering. As commented
in [7], while this approach is experimentally motivated, the
use of the LASS parametrization is limited to the elastic
region of M(K) < 2.0 GeV, and an additional amplitude
is still required for a satisfactory description of the data. In
our calculations we have taken into account the nonreso-
nant contributions to the two-body matrix elements of
scalar densities, (K 7|5¢|0). Recall that a large nonresonant
contribution from (KK|5s|0) is needed in order to explain

TABLE X. Same as Table VIII except for the decay B° —
Romta.

Decay mode Belle [13] Theory

K7t 5.6 0.7+ 0.5%94 2170003703
Ky~ (1430)7" 30.8 + 2.4 + 2.4%98 10.1700+22+02
p°K° 6.1=1.0+0.5%}9 201005340
f0(980)K° 7.6 = 1.7 = 0.7793 7.7+0:0+04+0.0
NR 19.9 +2.5+ 1.679] 156101783700
Total 475+24+37 4201031157400
TABLE XI. Branching ratios (in units of 10~°) of resonant and

nonresonant (NR) contributions to B — K~ 7" 7°. Note that the
branching ratios for K*~ 7" and K**7° given in [14,15] are their
absolute ones. We have converted them into the product branch-
ing ratios, namely, B(B — Rh) X B(R — hh). For theoretical
errors, see Table III.

Decay mode  BABAR [14] Belle [15] Theory
Kt 3.6 0.8 0.5 4.9713703H08 1 00003401
070 2020603 <23 1074803403
K- (1430)7 112 15 £35 5.1+ 1598 5000 13+0]
R0(1430)70 7.9+ 1.5+27 61716105 4+00+14+00
Pt K~ 8.6 1.4 = 1.0 151734114420 2 510.0+3.6+02
NR <4.6 574371705 < 9.4 9.6+03+66+00
Total 34.9 2.1 £3.9 36.6743 = 3.0 28.97027161102
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TABLE XII. Same as Table VIII except for the decay B® — K°70#°.
Decay mode | f,(980)K° K*070 K;0(1430)7° NR Total
Theory 3.8100°04700 0.557000 8157000 2-3100 06 00 5-31807 11100 | 12.9700736 81

the observed decay rates of B — K(KjKg and B~ —
K™ K¢Kg. From Tables VIII, IX, X, XI, and XII we see
that our predicted nonresonant rates are in agreement with
the Belle measurements. The reason why the nonresonant
fraction is as large as 90% in KKK decays, but becomes
only (35 ~40)% in K77 channels (see Table I) can be
explained as follows. Under SU(3) flavor symmetry, we
have the relation (K7|5¢|0)N? = (KK|5s|0)NR. Hence, the
nonresonant rates in the K~ 7t 7~ and K°7" 7~ modes
should be similar to that in K* K~ K® or K"K~ K. Since
the KKK channel receives resonant contributions only
from ¢ and f,, mesons, while K}, Kp;, p;, fo; resonances
contribute to K77 modes, this explains why the nonreso-
nant fraction is of order 90% in the former and becomes of
order 40% in the latter. Note that the predicted nonresonant
contribution in the K~ 7+ 7% mode is larger than the
BABAR’s upper bound and barely consistent with the
Belle limit. It is conceivable that the SU(3) breaking effect
in (K7|5g|0)"R may lead to a result consistent with the
Belle limit.

It is interesting to notice that, based on a simple frag-
mentation model and SU(3) symmetry, Gronau and Rosner
[54] found the relations

F(87 g K+K7K7)NR = ZF(BO i K+K7E0)NR
= 2F(B_ - K_7T+7T_)NR
= ZF(BO - KO7T+7T_)NR

= 4F(EO — K~ 7T+ 7T0)NR. (321)

TABLE XIII. Branching ratios, mixing-induced and direct CP
asymmetries for B°— K¢mt#~ decays. Results for
(K 7)cp+ are identical to those for (Kg7r)cp=. For theoreti-
cal errors, see Table I11.

Final state Branching ratio

(Kgmt 7 )epy 13.52 +0.02+4.03+0.01

0.03—3.06—0.01
(K 7 ) ep 74550603500
fe 0.6550076:63 600
Final state sin2 B

+0.000+0.003+0.003
0. 693*0.000*0.002*0.014
+0.001+0.017+0.008
0.71 8*0.001 —0.007-0.018

(Ksm" 77 )cpy
(Ksm " )t

Final state Ar (%)
. +0.00+0.19+0.28
(Ksm™ 77 )cpa 4277600 012-035
- +0.03+0,03+0.32
(Ksm™ 77 )gunt 4.9470 07005040

Again, a large nonresonant background in K~ 77~ and
K°7* 7~ is favored by this model.

Although the B® — K 7% 79 rate has not been measured,
its time-dependent CP asymmetries have been studied by
BABAR [56] with the results

—0.72 £ 0.71 = 0.08,
—0.23 £0.52 £ 0.13.

SiHZBeff =
ACP

(3.22)

Note that this mode is a CP-even eigenstate. We found that
its branching ratio is not so small, of order 6 X 1079, in
spite of the presence of two neutral pions in the final state
(see Table XII). Theoretically, we obtain

sin2Ber = 0.729Z5300 0001 20,020 (323
Acp = (0285067006603 %-

Finally, we consider the mode K¢7" 7~ which is an
admixture of CP-even and CP-odd components. Results
for the decay rates and CP asymmetries are displayed in

Table XIII. We see that the effective sin2 3 is of order 0.718
and direct CP asymmetry of order 4.9% for Kgm* 7.

IV. B— KK7w DECAYS

We now turn to the three-body decay modes dominated
by b — u tree and b — d penguin transitions, namely,
KKm and mmm. We first consider the decay B~ —
K*K~ 7~ whose factorizable amplitude is given by
Eq. (A9). Note that we have included the matrix element
(K"K~ |dd|0). Although its nonresonant contribution van-
ishes as K™ and K~ do not contain the valence d or d
quark, this matrix element does receive a contribution from
the scalar f;, pole

£d o fo—mtaT
_ = Myo s
(K (p)K (py)ldd|o) =3 —Tutos
T My, — S23 T gl g,

4.1

where (foldd|0) = my, f;’b. In the 2-quark model for

£0(980), f;lo(%o) = f 1080 5in0/v2. Also note that the
matrix element (K~ (p3)|(5b)y_4|1B™) X
(m=(p)K*(p)|(ds)y_,|0) has a similar expression as
Eq. (3.5) except for a sign difference
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TABLE XIV. Same as Table VIII except for the decay B~ — Kt K~ 7.

Decay mode £0(980) 7~ KK~ K0(1430)K ~ NR Total

Theory 0.50700070057002  0-23X0007004700  0.82X0007018%00  1.8703703703 4.0503707503

Expt. <6.3 (BABAR) [64]
<13 (Belle) [11]

(K~ (p)I(3B)y_alB~ X7~ (p)K* (p)I(ds)y_4l0) = _FfK(Slz)Ffﬂ(Slz)[SB ki

— F§X(s10) F§™(s12)

As in Eq. (3.8), the form factor F {(” receives a resonant
contribution for the K* pole.

The nonresonant and various resonant contributions to
B~ — K"K~ 7 are shown in Table XVI. The predicted
total rate is consistent with upper limits set by BABAR and
Belle.

V. B — @rarar DECAYS

The factorizable amplitudes of the tree-dominated decay
B - 7a"m 7w and B’— w7 7% are given by
TABLE XV. Same as Table VIII except for B~ — 7wt 7.

The nonresonant background is used as an input to fix the
parameter ayr defined in Eq. (2.8).

Decay mode BABAR [5] Theory

(m — m)om m%,)}
S12
(my — mg)(mg, — m%)

“4.2)
S12

{

Egs. (A15) and (A16), respectively. We see that the former
is dominated by the p° pole, while the latter receives p~
and p° contributions (see Tables XV and XVI). As a
consequence, the 777~ 7 mode has a rate larger than
7t 7~ 7~ even though the former involves a 77° in the final
state.

The 7+ 7~ 7~ mode receives nonresonant contributions
mostly from the b — u transition as the nonresonant con-
tribution in the matrix element (77" 7~ |dd|0) is suppressed
by the smallness of penguin Wilson coefficients a¢ and ag.
Therefore, the measurement of the nonresonant contribu-
tion in this decay can be used to constrain the nonresonant
parameter ang in Eq. (2.8).

VI. DIRECT CP ASYMMETRIES

Direct CP asymmetries for various charmless three-

PO 8.8+ 1.0 = 0.679} 7.7500+17+0.3 body B decays are collected in Table XVII. Mixing-
foO80)7™  1.2£0.6%0.1+04<30 03970 FN0F  induced and direct CP asymmetries in B — K™K~ Kg
NR 23209%+03x04<46 J}?ﬂ‘;wm and KgK¢Kg; decays are already shown in Table V. It
Total 162>12x09 12.0515 15703 appears that direct CP violation is sizable in K™K~ K~ and
K*K~ 7~ modes.
TABLE XVI. Same as Table VIII except for the decay B — 7" 7~ 0.
Decay mode pra p-at pOa0 £0(980)7° NR Total
Theory 8.5500 toT01 155700738703 1.OTG0T0360  0.010 G000 0000000 0-05 603 001 000 | 26-37007 36703
TABLE XVII. Direct CP asymmetries (in %) for various charmless three-body B decays. For theoretical errors, see Table III.

Experimental results are taken from [50].

Final state BABAR Belle Theory
K*K K~ —2%£3x2 —10471 3500763
K~ KgKs —4x11%2 —3.9700108703
K K- 0+10+3 175753733702
K mta -13+37=1.1 4.9+26=20 —3.3501404%03
K-ta® 7111 6.3505%14703
R 49180108143
KOO’ -23+52+13 ~17+24+6 0.2810.09+0.07+0.02
RO a0 0.4256704500
o 1+g+3 4450876570
mta ad —3.0551103583
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The major uncertainty with direct CP violation comes
from the strong phases which are needed to induce partial
rate CP asymmetries. In this work, the strong phases arise
from the effective Wilson coefficients a? listed in (A3) and
from the Breit-Wigner formalism for resonances. Since
direct CP violation in charmless two-body B decays can
be significantly affected by final-state rescattering [57], it
is natural to extend the study of final-state rescattering
effects to the case of three-body B decays. We will leave
this to a future investigation.

VII. TWO-BODY B — VP AND B — SP DECAYS

Thus far we have considered the branching ratio prod-
ucts B(B — Rh;)B(R — hyh;) with the resonance R
being a vector meson or a scalar meson. Using the experi-

PHYSICAL REVIEW D 76, 094006 (2007)
mental information on B(R — hyh5) [4]
BK — K+ 7)) = B(K* — KO7")
=2B(K** = K 7°) = %
B(K:0(1430) — K+ 7) = 2B(K;*(1430) — K 7°)

2
=3(093+0.10)
B(p — K*K ™) = 0.492 =+ 0.006. (7.1)

one can extract the branching ratios of B— VP and B —
SP. The results are summarized in Table XVIIL

Two remarks about the experimental branching ratios
are in order: (i) The BABAR results for the branching ratios
of B = K* #", K*%% K;~(1430)7" are inferred from

TABLE XVIII. Branching ratios of quasi-two-body decays B — VP and B — SP obtained from the studies of three-body decays

based on the factorization approach. Unless specified, the experimental results are obtained from the 3-body Dalitz plot analyses given
in previous Tables. Theoretical uncertainties have been added in quadrature. QCD factorization (QCDF) predictions taken from [58]

for VP modes and from [48] for SP channels are shown here for comparison.

Decay mode BABAR Belle QCDF This work
#K° 843 +05° 9.0'22 07" 0 By A AR Y 53559
PK~ 84+0.7+0.7 9.60 = 0.9275% 455035 5911
K07~ 13.5 £ 1.248 9.8+ 0.9} 3.64035 13513103 44110
K070 3.0+0.9*05 <35 0.750 150350352 15703
Kt 1.0+ 1.5 +0.7 8.4+ 11703 334131 1310870% 31463
K a® 69+20=13° CRCIR A v iy Sl 2.240¢
KK 030:FIRNENT 035y
p°K~ 5108758 3.89 + 0.47708 261005140653 1.3%57
p’K° 49+08 %09 6.1+1.0=1.1 4.620353 01078 2.0463
pK” 86+ 1410 15.173443¢ 740 Y 25438
p K° 804 +05" 58106139 130Y 1.3%539
plm 8.8 = 1.079% 8023 07" 119783539351 77544
oo 20215 155744
pra” 1545805330030 85515
pOm’ 1.4%0.6 03 31508708 0.4203703503503 1.0543
fo(980)K®; fo — mtar™ 55+07=06 7.6 = 1.7558 6.7 01 ¢ 7.740%
foOBOK™; fo— 7™ 9.3+ 1.0%2¢ 8.8 +0.8%99 78403 el C 77408
fo(980)K; fo — KK~ 53+22 58701
fo(980)K~; fo— KTK~ 65+25*16 <2.9 7.0704
fo980) 75 fo— mha” <3.0 0.5 00707700 ¢ 0.390:03
£o(980)7r~s; fo— KK~ 0.50%5:5¢
£0(980)7%; fo — wt 0.02* 01 003001 © 0.0105:9%3
K:0(1430) 7 36.6 = 1.8 + 4.7 51.6 = 1.7479 1101443154850 16.9732
K;0(1430)7° 127 2.4 + 4.4 9.8 £25=0.9 6.4734733+26] 6.87%3
K~ (1430) 7" 36.1 4.8+ 11.3 49.7 + 3.8740 113724037858 16.2+47
K3~ (1430)7° 530515 8.9°33
K2 (1430)K <22" 13793

*From the Dalitz plot analysis of B — K™K~ K° decay measured by BABAR (see Table III), we obtain B(B® — ¢K°) = (6.2 =

0.9) X 1076, The experimental value of BABAR cited in the table is obtained from a direct measurement of B — ¢K°.
"Not determined directly from the Dalitz plot analysis of three-body decays.

“We have assumed B(f,(980) — 7" 7~) = 0.50 for the QCDF calculation.
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the three-body decays B® — K%z 77~ (see Table XI) and
Belle results are taken from B° — K~ 7" 70 (see Table X).
(ii) Branching ratios of B — ¢K° shown in Table XVIII
are not inferred from the Dalitz plot analysis of B — KKK
decays.

For comparison, the predictions of the QCD factoriza-
tion approach for B — VP [58] and B — SP [48] are also
exhibited in Table XVIIL. In order to compare theory with
experiment for B — f,(980)K — 7" 7~ K, we need an
input for B(f,(980) — 7" 7~). To do this, we shall use
the BES measurement [45]

I'(f(980) — 7r)
[(f,(980) — 7r7) + T'(f,(980) — KK)

= 0.751311.
(7.2)

Assuming that the dominance of the f(980) width by 7
and KK and applying isospin relation, we obtain

B(f0(980) — 7+ 7~) = 0.50:337,

7.3
B(£y(980) — K*K~) = 0.12512018. (73)
At first sight, it appears that the ratio defined by
B(f,(980) = KT K~
& = U080 ) 025 +0.06 (7.4)

B(f,(980) — 7t 7)

is not consistent with the value of 0.69 = 0.32 inferred
from the BABAR data (see Tables VI and VIII)

_ T'(B™ — f((980)K~; f((980) — K*K™)
" T(B™ = fo(980)K~; £4(980) — " 7r")
6.5+25=*1.6

T 93 +1.0708 72)

R

where we have applied the narrow width approximation
Eq. (3.14).

The above-mentioned discrepancy can be resolved by
noting that the factorization relation Eq. (3.14) for the
resonant three-body decay is applicable only when the
two-body decays B — RP and R — PP, are kinemati-
cally allowed and the resonance is narrow, the so-called
narrow width approximation. However, as the decay
f0(980) — K* K~ is kinematically barely or even not al-
lowed, the off resonance peak effect of the intermediate
resonant state will become important. Therefore, it is nec-
essary to take into account the finite width effect of the
f0(980) which has a width of order 40-100 MeV [4]. In
short, one cannot determine the ratio R by applying the
narrow width approximation to the three-body decays.
That is, one should employ the decays B — K rather
than B — KKK to extract the experimental branching ratio
for B— fy(980)K provided B(f,(980) — 7)) is
available.

We now compare the present work for B— VP and B —
SP with the approach of QCD factorization [34,48]. In this
work, our calculation of 3-body B decays is similar to the

PHYSICAL REVIEW D 76, 094006 (2007)

simple generalized factorization approach [59,60] by as-
suming a set of universal and process independent effective
Wilson coefficients a! with p =u, ¢ in Eq. (A3). In
QCDF, the calculation of a? is rather sophisticated. They
are basically the Wilson coefficients in conjunction with
short-distance nonfactorizable corrections such as vertex
corrections and hard spectator interactions. In general, they

have the expressions [34,58]

al(M\M,) = <Ci + C]?l)Ni(Mz)
Ci+1 CFCYS 4-7T2
V.(M,) + H.(M M
S vion) + SEH G |
+ Pf(Mz), (7.6)

where i = 1, ..., 10, the upper (lower) signs apply when i
is odd (even), c; are the Wilson coefficients, Cy = (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;(MM,) 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 contractions.
Hence, the effective Wilson coefficients a? (M, M,) depend
on the nature of M; and M,; that is, they are process
dependent. Moreover, they depend on the order of the
argument, namely, a”(M,M,) # a?(MM,) in general. In
the above equation, N;(M,) vanishes fori = 6,8 and M, =
V, and equals to unity otherwise. For three-body decays, in
principle one should also compute the vertex, gluon and
hard spectator-interaction corrections. Of course, these
corrections for the three-body case will be more compli-
cated than the two-body decay one. One possible improve-
ment of the present work is to utilize the QCDF results for
the effective parameters a?(M;M,) in the vicinity of the
resonance region.

We next proceed to the comparison of numerical results.
For ¢K, K*m and K*K modes, the QCDF and the present
work have similar predictions. For the p meson in the final
states, QCDF predicts slightly small pK and too large p
compared to experiment.6 In contrast, in the present work
we obtain reasonable p7 but too small pK. This is ascribed
to the form factor AOB ?(0) = 0.37 = 0.06 employed in [58]
that is too large compared to ours Ag" (0) = 0.28 = 0.03
(see Table XIX). Recall that the recent QCD sum rule
calculation also yields a smaller one A5”(0) = 0.30+4%]
[62].

For B — f;(980)K and B — f,(980)7, QCDF [48] and
this work are in agreement with experiment. The large rate
of the f,(980)K mode is ascribed to the large f,(980)
decay constant, f £,080) =~ 460 MeV at the renormalization

6Reicall that the world average of the branching ratio of B® —
p= ™ is (24.0 + 2.5) X 107° [50], while QCDF predicts it to be
~36.6 X 1076 [58].
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scale w =2.1 GeV [48]. In contrast, the predicted
K%(1430)7~ and K~ (1430)7™ are too small compared
to the data. The fact that QCDF leads to too small rates for
¢K, K*7s, pK and K;;(1430)7 may imply the importance
of power corrections due to the nonvanishing p, and py
parameters arising from weak annihilation and hard spec-
tator interactions, respectively, which are used to parame-
trize the endpoint divergences, or due to possible final-state
rescattering effects from charm intermediate states [57].
However, this is beyond the scope of the present work.

VIII. CONCLUSIONS

In this work, an exploratory study of charmless 3-body
decays of B mesons is presented using a simple model
based on the framework of the factorization approach. The
3-body decay process consists of resonant contributions
and the nonresonant signal. Since factorization has not
been proved for three-body B decays, we shall work in
the phenomenological factorization model rather than in
the established theories such as QCD factorization. That
is, we start with the simple idea of factorization and see if
it works for three-body decays. Our main results are as
follows:

(1) If heavy meson chiral perturbation theory
(HMChPT) is applied to the three-body matrix ele-
ments for B — PP, transitions and assumed to be
valid over the whole kinematic region, then the
predicted decay rates for nonresonant 3-body B de-
cays will be too large and even exceed the measured
total rate. This can be understood because chiral
symmetry has been applied beyond its region of
validity. We assume the momentum dependence of
nonresonant amplitudes in the exponential form
e~ ers (PitP) g0 that the HMChPT results are re-
covered in the soft meson limit p;, p; — 0. The
parameter aryg can be fixed from the tree-dominated
decay B~ - wraw w .

(i) Besides the nonresonant contributions arising from
B — PP, transitions, we have identified another
large source of the nonresonant background in the
matrix elements of scalar densities, e.g. (KK|5s|0)
which can be constrained from the K¢K¢Kg (or

K™ K¢Kg) mode in conjunction with the mass spec-
trum in the decay B — K"K~ K°.

(iii) All KKK modes are dominated by the nonresonant
background. The predicted branching ratios of
K"K Kgq), K"K”K~ and K~ KgKg modes are
consistent with the data within the theoretical and
experimental errors.

(iv) Although the penguin-dominated B — K"K~ Kj
decay is subject to a potentially significant tree
pollution, its effective sin2 is very similar to that
of the KgK¢Kg mode. However, direct CP asym-
metry of the former, being of order —4%, is more
prominent than the latter,
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(v) The role played by the unknown scalar resonance

X,(1550) in the decay B~ — K"K~ K~ should be
clarified in order to see if it behaves in the same way
as in the K™K~ K° mode.

(vi) Applying SU(3) symmetry to relate the nonreso-

nant component in the matrix element (K 7|5¢|0) to
that in (KK|5s|0), we found sizable nonresonant
contributions in K~ 7+ 7~ and K%z 7~ modes, in
agreement with the Belle measurements but larger
than the BABAR results. In particular, the predicted
nonresonant contribution in the K~ 7" 7° mode is
consistent with the Belle limit and larger than the
BABAR’s upper bound. It will be interesting to have
a refined measurement of the nonresonant contri-
bution to this mode to test our model.

(vii) The 7t 7~ 7% mode is predicted to have a rate

larger than 777~ 7w~ even though the former in-
volves a 7¥ in the final state. This is because the
latter is dominated by the p° pole, while the former
receives p~ and p° resonant contributions.

(viii) Among the 3-body decays we have studied, the

decay B~ — K"K~ 7~ dominated by b — u tree
transition and b — d penguin transition has the
smallest branching ratio of order 4 X 107°. It is
consistent with the current bound set by BABAR
and Belle.

(ix) Decay rates and time-dependent CP asymmetries

in the decays K¢7° 7, a purely CP-even state, and
K¢t 7, an admixture of CP-even and CP-odd
components, are studied. The corresponding
mixing-induced CP violation is found to be of
order 0.729 and 0.718, respectively.

(x) Since the decay f,(980) — K* K~ is kinematically

barely or even not allowed, it is crucial to take into
account the finite width effect of the f,(980) when
computing the decay B — f;(980)K — KKK.
Consequently, one should employ the Dalitz plot
analysis of K777 mode to extract the experimental
branching ratio for B — f3(980)K provided
B(f,(980) — r7r) is available. The large rate of
B — f,(980)K is ascribed to the large f,(980) de-
cay constant, f 1,(080) =~ 460 MeV.

(xi) The intermediate vector-meson contributions to

3-body decays e.g. p, ¢, K* are identified through
the vector current, while the scalar meson reso-
nances e.g. f(980), X,(1550), K;;(1430) are mainly
associated with the scalar density. Their effects
are described in terms of the Breit-Wigner
formalism.

(xii) Based on the factorization approach, we have

computed the resonant contributions to 3-body
decays and determined the rates for the quasi-
two-body decays B — VP and B — SP. The pre-
dicted par, f,(980)K and f;(980)7 rates are con-
sistent with experiment, while the calculated ¢ K,
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K*m, pK and K;(1430)7 are too small compared
to the data.

(xiii) Direct CP asymmetries have been computed for
the charmless 3-body B decays. We found sizable
direct CP violation in K"K~ K~ and K* K~ 7~
modes.

(xiv) In this exploratory work we use the phenomeno-
logical factorization model rather than in the es-
tablished theories based on a heavy quark
expansion. Consequently, we do not have 1/m,,
power corrections within this model. However,
systematic errors due to such model dependent
assumptions may be sizable and are not included
in the error estimates that we give.
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Note added.—After the paper was submitted for publi-
cation, [65] has reported the observation of the decay
Bt — K*K~#w" with the branching ratio (5.0 = 0.5 +
0.5) X 107, Our prediction for this mode (see
Table XIV) is consistent with experiment.

APPENDIX A: DECAY AMPLITUDES OF
THREE-BODY B DECAYS

In this appendix we list the factorizable amplitudes of
the 3-body decays B — KKK, KK, K, wmwm. Under
the factorization hypothesis, the decay amplitudes are
given by

_ G _
(P\P,P3| H 4| B) = =L 57 AJ(P\P,P5IT, IB), (A1)
\/i p=u.c

where )tﬁ,r) =V,,V,, with r =d, s. For KKK and K77
modes, r = s and for KK 7r and 7r7r7r channels, r = d. The
Hamiltonian 7', has the expression [34]

T, = a16,,(ib)y_, ® (5u)y_4 + a,8,,(3b)y_» ® (iiu)y_, + a3(5b)y_, ® Z(QQ)VfA + agZ(qb)VfA ® (5q)y-a
q q

- _ _ - , 3
+as(5b)y-4 ® D (Gq)v+a — 2a¢ > (qb)s—p ® (3q)s+p + az(5b)y—, ® Zieq(CI‘I)wA
7 q 7

- 3 _ 3 _ 3
- ZagZ(Clb)s—P ® Eeq(SQ)S+P + ag(5b)y—4 ® Zieq(qCI)V—A + afoZ(C]b)v—A ® Eeq(sq)V—A:
q q q

(A2)

with (Gq")y+a = Gv,(1 = v5)q', (Gq")s=p = (1 = y5)q' and a summation over ¢ = u, d, s being implied. For the

effective Wilson coefficients, we use
a; = 0.99 = 0.037j, a, = 0.19 = 0.11;,
aj = —0.03 — 0.02i, aj =~ —0.04 — 0.008i,
a; = 0.54 X 1074, al = (4.5 — 0.5i) X 1074,
aly =~ (—58.3 + 86.1i) X 1073,

as = —0.002 + 0.004i,

U~ —0.06 — 0.02i,

a§ = (4.4 — 0.3i) X 1074,
asy ~ (—60.3 + 88.8i) X 1075,

as = 0.0054 — 0.005;,
ag = —0.06 — 0.0067,
(A3)
ag = —0.010 — 0.0002i,

for typical a; at the renormalization scale w = m,,/2 = 2.1 GeV which we are working on.
Various three-body B decay amplitudes are collected below.

B — KKK

(K°K*K™IT,|1B% = (K*KOl(@b)y - x| B°XK | (5)y—alOMay 8, + aff + afy — (ag + ag)r}]

+ <K+K*|<&b>H|BO><K°|<sd>H|o>(afz - %a‘fo) + (RON(5)y s | BOXK K~ |(@n)y—10)

_ _ - 1
X (@8 + a3 + a5 + a5+ as) (RGN BNK K I(dd)y-l0)] a3 + a5 = 5 (ar + )|

_ _ 1
+ <K0|(5b)v—A|BO><K+K_|(§S)V—A|0>[a3 +al +as — 5(07 + ag + “fo)}

+ (K°|5b|BOXK " K~ |55|0)(—2af + af) + (K"K~ |d(1 — y5)b|B°XK [5(1 + v5)d|0)(—2af + af)

" <K+K*1€0|<sd>H|o><0|<&b>H|B°>(af: - lafo)

+ (K"K~ K°|5y5d|0X0ldysb|B)(—2af + af),

2
(A4)
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2

2my,

. P - My
with 1y = et )

(KTK™K™|T,|B™) = (K"K~ [(@b)y—alB" XK~ |(5u)y—4l0) a8, + af + afy — (ag + af)r}]

+(KI(5b)y—alB" XK K™ |(@u)y-sl0ar8, + a3 + as + a7 + ay)

pu
# (KNE)y-al B KNy I0) s + a5 e + )]
1Sy Al K K16yl s+ af + as = S0 + a0+ afy |

+ (K~ |5b|B~ XK+ K~ |5510)(—2a% + af) + (K* K~ |a(1 — y5)b|B°XK~|5(1 + y5)ul0)

2
+ (K"K~ K™ |5y5ul0)0liaysb|B~)(—2al + af). (A5)

X (=20 + ) + (KK K150l J0XOIab)y -4 )(af 1ai’o)

Since there are two identical K~ mesons in this decay, one should take into account the identical particle effects. For
example,

(KT K™ (@b)y-alB~ XK~ [(5u)y-10) = (K" (p)K ™ (p)|(@b)y -4l B~ XK~ (p3)|(5u)y 410

+ (KT (p)K ™ (pa)l(@b)y -4l B~ XK ™ (p)|(3u)y-410), (A6)
and a factor of % should be put in the decay rate.
_ _ _ _o 1 1
(KOROROIT 1B) = (KOROI@)y - BNROIy - a10)f = 3ty = (af = 50t )

(RS- AN BNKORON @)y -l0) a3 + a5 = 5 ar + a0) | + (RUGB-sBHKROI53)y-410

1 _ _ _
X [a3 +af + as — 5(617 + aq + afo)} + (K°|5D|B*)XK°K°|55|0)(—2al + af)

1
E(a7 + dg + af0)>

+ (K°K°KO|5y5d|0)0ldysb|B)(—2al + af). (A7)

+ <K°K°k°|(sd>v_A|o><0|<ab>v_A|B°><af: -

The second and third terms do not contribute to the purely CP -even decay B — K KKj.

(K~ K°ROIT,IB™) = (K"K°|(@b)y— 4|1 B~ XK~ |(5u)y_410)a18,, + df + afy — (af + af)rk]
(KK I@b)y- BRI Gdy-a10) o~ St - (- %8>K>
K1)y sl KRN @Dyl a + a5 —5(ar + ) |
FUCI)y B HEOROI5)y-al0) a3+ af + a5 - Slar +a+ ay |

+ (K~ |5b|B~ XK KO|550)(—2af + af) + (K~ K°K°|(5u)y—Al0)0l(@ib)y | B®) a1 8, + al + aly)
+ (K~ K°K°|5y5ul0)0li(1 — y5)b|B~)(2al + 2ab). (A8)

The third and fourth terms do not contribute to the decay B~ — K~ K K.
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B — KK

(m KT KIT,|B™) = (K"K~ |(@b)y-alB~ X7~ [(du)y-alOM a8, + af + afy — (af + af)r7]
+ (7 [(db)y—_4|B- XK K~ |(itu)y-410)(a28,, + a3 + as + a7 + ag)
+ (7~ |db|B~XK* K~ |dd|0)(—2af + af) + (7~ |(db)y_A|B~ XK' K~|(55)y_410)
1 - 1
x [+ a5 = 5y + o) |+ KOG -alBXK 79—l — 5
+ (K™ |5b|B~ XK 7 |ds|O)(—2al + af) + (K* K~ 7~ |(du)y_410)01(@b)y_a|B~Ya,8,, + af
+ afy) + (KK~ 7 |dysul0XO0liysb|B~)(2al — ab). (A9)

B — Ko

(K=" 7 |T,|B™) = (7" 7 |(iib)y_|B" XK |(5u)y_4l0)a;6,, + af + afy — (af + af)rk]
KNGl 7 - a0 020, + 5 ar + )]
(K I5blB ) 5510)(~20f + af) + @)yl NK ™ G)y-al0) o] — 5y

+ (7 |db|B~ XK~ m* [5d|0)(—2af + af) + (K~ 7" 7 |(5u)y—410)0(itb)y_4|B~)
X (a16,, + a} + aly) + (K~ 7t~ |5ysul0)X0laysb|B~)(2ag + 2af). (A10)

_ _ - _ 1
(Ko7~ |T,|B®) = (m* 77'_|(db)v—A|15)0><K0|(§d)v—A|O>[a£17 - 5"?0 - (ag - —aé’)rf}

RGN -slB)r )y p10) 428, + 3 + ) |

+ (K°|5b|BOY 7" 7 |55|0)(—=2af + af) + (mH(iib)y— 4| BYXK 7~ | (5u)y—4|0)(a; + af + aly)

+ (m*|ub| BOXK 7~ |5ul0)(—2al — 2af) + (KO 7~ |(5d)y—Al0)0l(db)y_4|B®)

X (ay8,, + af +afy) +(K°7" 7w |5(1 + y5)d|0)X0ldysb|B°)(2al — af). (A11)

(K= 0T, |BY) = (a* a0)(@b)y s BOXK )y 4l0)a 8, + af + afy — (af + af)rk]
_ 3
K ) BN i)y 10) 030, + 5 (a1 + ao) |
(| (@b)y 4l BONK™ 71wy al0)ard,, + af + aly] + (ml(@b)y Al BOXK ™ 7 [(5d)y410)
1 _ -
X <afg - Eaf0> + (b | BOXK m0|5ul0)(—2a? — 2a8) + (m°|db|BOXK ™ 7 [5d|0)(—2al + al)
- _ 1 _ _
(K™ 1)y 0)XON @by o1B7)af = 3afy) + K™ 7IS(1 + y5)alOX0ldysblB)

X (2al — ab). (A12)
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_ - _ 1 1
R 11, 18°) = a7 |(@b)y4 1B WOy al0) af = 3ty = (af = 5 )k |

2

RO )y By o0 020+ 3y + ) |

+{(@°l(@b)y—al B~ XK 7| (5u)y—4l0M a1 8, + af + afy] + (™ |(db)y— 4B~ XK 7°|(5d)y—410)

1 _ _ _
X [af - —af0:| + (70| B~ XK 7~ |5ul0)(—2al — 2af) + (7~ |db|B~ XK 7°|5d|0)(—2af + af)

2

+ (K07 70| (510)y -4 l0XO01(@b)y -4l B~ )18, + af + afy) + (KO7~ w°I5(1 + v5)ul0)

X (0laysb|B~)(2al + 2af).

(ROmO70|T,|B%) = <w°w°|<&b>v_A|B°><k°|<sd>v_A|o>[af: -

(A13)

1 1
30t~ (@ 5 adrt |

- ROTIGH)y - By aI0) a8+ 3 (—ar + o) | + )4 B XROTI )y 10

1 _ _ 1
X [af — —afo} + (Wowol(ﬁu)V_A|O><KO|(§b)V_A|BO><a25pu + 2ay + 2as + E(a7 + a9)>

2

+ (RO7°15d|0)(7°db| BO)(—2af + af) + (7' 7°|55|0XK°|5b|BO)(—2al + af)

_ - _ 1 _ - _
+ (R 715y JOXOI@D)y - B} — 5l ) + (RO m015(1 + 5)alOX0ldsblB)

X (2af — ab). (A14)
B — mmm
(w7 |T,|B™) = (m 7 |(ib)y—_s| B~ X7 |(du)y_al0) a8 ,, + af + afy — (af + af)r7]
_ 3 1
+ (7 (db)y_a|B~ 7™ 7T—|(ﬁM)V—A|0>[025pu —al + 5(07 + ay) + Eafo}
+ (7 |db|B~Xm* w|dd|0)(—2al + af) + (w7t 7w |(du)y_410)01(ib)y_41B~)
X (ay8,, + af +afy) +(w~ w7 |d(1 + y5)ul0)0liysb|B~)(2a? + 2ab). (A15)

(7t |T,|B% = (™ 7TO|(ﬁb)v—A|BO><7T_|(C7M)V—A|0>[al5pu +aj + afy — (af + ag)ry]

2 2

_ _ 1 3 1
+ <7T+7T_|(db)V_A|BO><7TO|(IZM)V_A|0>|:6125PM —aj + (ag — —aé’)r}? + 5(417 + ag) + —afo}

+ (7 |(iib)y_ 4| BOX 7™ Wol(ciu)v,A|0>[a18pu + af + afy] + (701(db)y 4| BO) 7" | (i) - 410)

3 1 o _
X [azépu —al + E(a7 + ag) + Eafo} + <7TO|db|BO><7T+7T_|dd|0>(_2(1g + af).

APPENDIX B: DECAY CONSTANTS, FORM
FACTORS AND OTHERS

In this appendix we collect the numerical values of the
decay constants, form factors, CKM matrix elements and
quark masses needed for the calculations. We first discuss
the decay constants of the pseudoscalar meson P and the
scalar meson S defined by

(PPN G2y, vs9:110) = —ifpp .,
SPNG27.9110) = fspp,
(81G24,10) = mgfs,

(B1)

(A16)

{

and (V(p, )|V, |0) = fymye}, for the vector meson. For
the scalar mesons, the vector decay constant fg and the
scale-dependent scalar decay constant fg are related by
equations of motion

mg

Msfs = [s m,

with pg = (B2)

where m, and m; are the running current quark masses.
The neutral scalar mesons o, f; and a8 cannot be produced
via the vector current owing to charge conjugation invari-
ance or conservation of vector current:
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TABLE XIX. Form factors of B — m, K, K§(1430), p transitions obtained in the covariant

light-front model [61].

F F(0)  F(qaax) a b

F F(0)  F(qaax) a b

FB7™ 0.25 1.16 1.73 095
FBK 0.35 2.17 1.58  0.68
F,° 026 0.70 152 064
yBe 0.27 0.79 1.84 1.28
AP 0.22 0.53 095 021
VBK® 03] 0.96 1.79  1.18
ABK 026 0.58 093  0.19

FB7 0.25 0.86 0.84 0.10
FBK 0.35 0.80 0.71 0.04
Fy° 0.26 0.33 0.44 0.05
Agp 0.28 0.76 1.73 1.20
Ag’) 0.20 0.57 1.65 1.05
ABK 0.31 0.87 1.68 1.08
ABK 0.24 0.70 1.63 0.98

fo =T =Ffa =0. (B3)

0

However, the decay constant f g is nonvanishing. In [48] we
have applied the QCD sum rules to estimate this quantity.
In this work we follow [48] to use

f f,080) = 460 MeV, f Kk:(1430) = 350 MeV,  (B4)

|

2 _
<P(P/)|V,M|B(p)> = ((P + pl),u _mp

at u = 2.1 GeV. As for the decay constants of vector
mesons, we use (in units of MeV).

f,=216,  fr-=218,  f,=215  (B5)

Form factors for B — P transitions are defined by [41]

2

2 2
m mp —m
TPqM>FfP(q2) + % 4. F§" (4P,

2 02 2 02
(S(PIALIB(p)) = —i[(@ + ) =T, P + %%Fg%qﬂ,

2

(V(p', e)lV,|B(p))y = -

5 + eyvaﬁg*ypaplﬂv(qz):

* .

V(P e)lA,IB(p)) = i[<m3 + my)el AP (g2) —

where g = p — p’, F1(0) = F(0), A3(0) = A((0), and

mP+mV

A3(q2) = m
1%

Ag?) - %vafxz(qz), (B7)

where P, =(p+ p')y, 9, = (p — p),. As shown in
[61], a factor of (—i) is needed in B — § transition in order
for the B — § form factors to be positive. This also can be
checked from heavy quark symmetry [61].

Various form factors for B — § transitions have been
evaluated in the relativistic covariant light-front quark
model [61]. In this model form factors are first calculated
in the spacelike region and their momentum dependence is
fitted to a 3-parameter form

F(0)
U= alq?/m) + b(/m3

F(g®) = (B8)

_&r
mB+mV

(B6)

*

&

(p+ P8 () = 2my =P g, A8 (42) = Agwqm}

[

The parameters a, b and F(0) are first determined in the
spacelike region. This parametrization is then analytically
continued to the timelike region to determine the physical
form factors at g> = 0. The results relevant for our pur-
poses are summarized in Table XIX. In practical calcula-
tions, we shall assign the form factor error to be 0.03. For
example, F§5(0) = 0.35 + 0.03.

The form factor for B to f,(980) is of order 0.25 at g> =
0 [48]. In the ¢§ model for the f,(980), F2/i =
FBfosing/~/2.

For the heavy-flavor independent strong coupling g in
HMCHPT, we use |g| = 0.59 + 0.01 + 0.07 as extracted
from the CLEO measurement of the D** decay width [39].
The sign is fixed to be negative in the quark model [23].

For the CKM matrix elements, we use the Wolfenstein
parameters A = 0.806, A = 0.22717, p = 0.195 and 7 =
0.326 [63]. The corresponding CKM angles are
(sin2B)cxm = 0.69575018 and y = (59 = 7)° [63]. For
the running quark masses we shall use
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my(my,) = 4.2 GeV,

m(1 GeV) = 6.89 GeV,
m.(2.1 GeV) = 1.51 GeV,
my(1 GeV) = 119 MeV,

mp(2.1 GeV) = 4.95 GeV,
m.(mp) = 1.3 GeV,

m (2.1 GeV) = 90 MeV,

my(1 GeV) = 6.3 MeV,

m,(1 GeV) = 3.5 MeV. (B9)

PHYSICAL REVIEW D 76, 094006 (2007)

The uncertainty of the strange quark mass is specified as
my (2.1 GeV) = 90 *+ 20 MeV.
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