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Charmless three-body decays of B mesons are studied using a simple model based on the framework of
the factorization approach. Hadronic three-body decays receive both resonant and nonresonant contribu-
tions. Dominant nonresonant contributions to tree-dominated three-body decays arise from the b — u tree
transition which can be evaluated using heavy-meson chiral perturbation theory valid in the soft-meson
limit. For penguin-dominated decays, nonresonant signals come mainly from the penguin amplitude
governed by the matrix elements of scalar densities (M, M,|g,¢,10). We use the measurements of B® —
K KK to constrain the nonresonant component of (KK|3s|0). The intermediate vector-meson contri-
butions to three-body decays are identified through the vector current, while the scalar-meson resonances
are mainly associated with the scalar density. While the calculated direct CP violationin B~ — KTK~ K~
and B~ — 7 7~ 7~ decays agrees well with experiment in both magnitude and sign, the predicted CP
asymmetries in B~ — 7  K*K~ and B~ — K~ 7@~ have incorrect signs when confronted with
experiment. It has been conjectured recently that a possible resolution to this CP puzzle may rely on
final-state rescattering of 7% 77~ and K™ K~. Assuming a large strong phase associated with the matrix
element (K 7|5¢|0) arising from some sort of power corrections, we fit it to the data of K~ 7" 7~ and find
a correct sign for 7~ K™K~ . We predict some testable CP violation in B — K"K~ 7% and K"K~ K. In
the low-mass regions of the Dalitz plot, we find that the regional CP violation is indeed largely enhanced
with respect to the inclusive one, though it is still significantly below the data. In this work, strong phases
arise from effective Wilson coefficients, propagators of resonances, and the matrix element of the scalar

density (M| M,|G,q,|0).
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L. INTRODUCTION

Recently, LHCb has measured direct CP violation in
charmless three-body decays of B mesons [1-3] and found
evidence of CP asymmetries in B¥ — 7w 7" 7~ (4.90),
Bt - K*K*K~ (3.70), and B* - K"K @#* (3.20),
and a 2.8¢ signal of CP violation in B* — K" 77~
(see Table I). Direct CP violation in two-body resonances
in the Dalitz plot has been seen at B factories. For example,
both BABAR [5] and Belle [6] have claimed evidence of
partial rate asymmetries in the channel B* — p°(770)K~
in the Dalitz-plot analysis of B* — K=" ar*. The inclu-
sive CP asymmetry in three-body decays results from the
interference of the two-body resonances and three-body
nonresonant (NR) decays and through the tree-penguin
interference. CP asymmetries in certain local regions of
the phase space are likely to be greater than the integrated
inclusive ones. Indeed, LHCb has also observed large
asymmetries in localized regions of phase space [1-3].
For example,

AZEMNKTKTKT) = —0.226 + 0.020 = 0.004 * 0.007

PACS numbers: 13.25.Hw, 11.30.Er

reglon(K atar ) = 0.678 = 0.078 = 0.032 = 0.007
(12)

for m? <15GeV?and 0.08<m?, _  <0.66GeV?,

K~ 7" high
reg“’“(K*K 7~) = —0.648 = 0.070 = 0.013 = 0.007

(1.3)

for m?2 < 1.5 GeV?, and

Kt K-
reglon( tam o) = 0.584 = 0.082 = 0.027 = 0.007

(1.4)

for m2- <04 GeV? and m?2. high > 15 GeV2.

7 7 low
Hence, significant signatures of CP violation were found
in the above-mentioned low-mass regions devoid of most
of the known resonances.

Three-body decays of heavy mesons are more compli-
cated than the two-body case as they receive both resonant
and nonresonant contributions. The analysis of these
decays using the Dalitz-plot technique enables one to study
the properties of various vector and scalar resonances.

a.D Indeed, most of the quasi-two-B decays are extracted

from the Dalitz-plot analysis of three-body ones. Three-

for mK+ P hgh< 15GeV? and 1. 2<mK+ K- low <20 GeV?, body hadronic B decays involving a vector meson or a
1550-7998/2013 /88(11)/114014(24) 114014-1 © 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevD.88.114014

HAI-YANG CHENG AND CHUN-KHIANG CHUA

TABLE 1.
body B decays [1,2,4].
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Experimental results of direct CP asymmetries (in %) for various charmless three-

Final state BABAR Belle LHCb Average
K"K K~ -1.775 14 —43+09+03*07 -37=10
(K"K"K )xg 604413 6.0 + 4.8
K KgKg 4t 2 4*4
K"K~ m 0+10+3 —141*40+1.8=07 —11.9*4.1
K mrm 28*20+20*1249+26+20 32*x08+04=07 33=*10
K ma® —3.07¢] =55 7x11=1 0.0+29
(K~ 7" 1)\ 10+16*8 10 = 18
K~ 7070 —-6+6=*4 —-6+*7
Ko7t -1=x5=+1 —-1*5
ataT 3.2+ 44+31%2 1.7+21*09+07 105+22
(w7 77 )R —14 = 14718 —1412

charmed meson in the final state also have been observed at
B factories. In this work we shall focus on charmless B
decays into three pseudoscalar mesons.

It is known that the nonresonant signal in charm decays
is small, less than 10% [7]. In the past years, many of the
charmless B-to-three-body decay modes have been mea-
sured at B factories and studied using the Dalitz-plot
analysis. The measured fractions and the corresponding
branching fractions of nonresonant components for some
of the three-body B decay modes are summarized in
Table II. We see that the nonresonant fraction is about
~(70-100)% in B— KKK decays, ~(17-40)% in B —
K7 decays, and ~35% in the B — w7 decay. Hence,
the nonresonant three-body decays play an essential role in
penguin-dominated B decays. While this is striking in view
of the rather small nonresonant background in three-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 three-body B
decays may receive sizable nonresonant contributions. It is
important to understand and identify the underlying
mechanism for nonresonant decays.

Consider the nonresonant contributions to the three-
body B decay B — P;P,P53. Under the factorization hy-
pothesis, one of the nonresonant components arises from
the transitions B — PP, with an emission of P;. The
nonresonant background in charmless three-body B decays
due to the transition B — PP, has been studied exten-
sively [22-27] based on heavy-meson chiral perturbation
theory (HMChPT) [28-30]. However, the predicted rates
of nonresonant decays due to the B — PP, transition
alone already exceed the measured total branching frac-
tions for the tree-dominated modes, e.g., 7~ 7" 7~ and
7~ KTK~. For example, the branching fraction of the
nonresonant rate of B~ — 7 7 7~ estimated using
HMCHPT is found to be of order 75 X 107°, which is
even larger than the total branching fraction of order
15 X 107 (see Table II). The issue has to do with the

applicability of HMChPT. When it is applied to three-
body decays, two of the final-state pseudoscalars have to
be soft. If the soft-meson result is assumed to be the same
in the whole Dalitz plot, the decay rate will be greatly
overestimated. To overcome this issue, we have proposed
in Ref. [31] to parametrize the momentum dependence of
the nonresonant amplitudes induced by the b — u transi-
tion in an exponential form so that the HMChPT results are
recovered in the soft pseudoscalar meson limit.

However, the nonresonant background in the B — P P,
transition does not suffice to account for the experimental
observation that nonresonant contributions dominate in the
penguin-dominated decays B — KKK and B — K. As
we have emphasized in Ref. [31], this implies that the
nonresonant amplitude is also penguin dominated and
governed by the matrix elements, e.g., (KK]|5s|0) and
(K|5q|0). That is, the matrix element of the scalar density
should have a large nonresonant component. In Ref. [31]
we have used the B — KKK mode in conjunction with
the mass spectrum in B — KT K~ K" to fix the nonreso-
nant contribution to (KK|5s|0).

Besides the nonresonant background, it is necessary to
study resonant contributions to three-body decays. The
intermediate vector-meson contributions to three-body
decays are identified through the vector current, while the
scalar-meson resonances are mainly associated with the
scalar density. They can also contribute to the three-body
matrix element (P, P,|J P | B). Resonant effects are conven-
tionally described in terms of the usual Breit-Wigner for-
malism. In this manner we are able to identify the relevant
resonances which contribute to the three-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.

There are several competing approaches for describing
charmless hadronic two-body decays of B mesons, such as
QCD factorization (QCDF) [32], perturbative QCD
(pQCD) [33], and soft-collinear effective theory [34].
Measurements of CP asymmetries will allow us to
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TABLE II.
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Branching fractions of various charmless three-body decays of B mesons. The fractions and the corresponding branching

fractions of nonresonant components are included whenever available. The first, second, and third entries are BABAR, Belle, and LHCb

results, respectively.

Decay B(107°) Bnr(107°) NR fraction(%) Resonances Reference

B —wtm 152+0.6 = 1.3 5307703 34.9 = 42789 p°, p°(1450) (8]
- - - £0(1370), £,(1270)
B™— K mtm 544 1.1 4.6 9.3+ 1.0%99¢ 17.1 £ 1.751%4 K K, p°, @ [5]
488+ 1.1*3.6 16.9 + 1.3%}7 34.0 £ 22421 £0(980), K5°, £,(1270) [6]
B~ — K 7'%° 162+ 1.2+ 1.5 K*~, £,(980) [9]
B~ — KK 7~ 50*0.5%05 [10]
<13 [11]
B~ — K*K K~ 33.4+05*09° 228+27*76 683+81+228 &, £0(980), f,(1500) [12]
30.6 + 1.2 +23° 240+ 15+ 1.5 78.4+58*17.7 Fo(1710), £5(1525) [13]
B~ — K KK, 10.1 £0.5+0.3 19.8 +3.7 2.5 ~196 £0(980), £,(1500) [12]
13.4+1.9* 1.5 Fo(1710), £5(1525) [11]
B — ROzt 7~ 502+ 1.5+ 1.8 11.1%33 0.9 221738 £ 2.2 f0(980), p°, K** [14]
475 +24+3.7 19.9 £ 25717 41.9 +5.1%12 Kyt f2(1270) [15]
B — K~ 7t 7® 385+ 1.0+ 3.9 7.6+ 0.5+ 1.0° 19.7 +1.4+33 pt. pT(1450) [16]
36.6143 £ 3.0 57431405 <94 <25.7 K0, k00 [17]
—)0 + +
5, <K> e 6.4+ 1.0+0.6 [18]
<18 [11]
6.4+09+04+03 [19]
B> KK~ 7° -

2.17 = 0.60 = 0.24 [20]
B’ — K*K~K° 25.4+0.9 *0.8° 33+5+9 ~130 &, £6(980), fo(1500) [12]
28.3+33*40 Fo(1710), £5(1525) [11]
191 £ 1.5+ 1.1 £0.8 [19]
BY — K(KK; 6.19 + 0.48 = 0.19 133737 =22 ~215 £0(980), £,(1710) [21]
42714+ 08 1>(2010) [11]

“The branching fraction for the phase-space nonresonant is (2.4 = 0.57-3) X 107°,

Contributions from y,y are excluded.

“The branching fraction for the phase-space nonresonant is (2.8 = 0.5 = 0.4) X 1076,

It is the sum of K°K* 7~ and K°K~ 7.

discriminate between different models and improve the
approach. For example, in the heavy-quark limit, the pre-
dicted CP asymmetries for the penguin-dominated modes
B —>K 7" K @w", K p*,and B — K" 7~ have in-
correct signs when confronted with experiment [35,36]. In
the approach of QCDF, their signs can be flipped into the
right direction by considering 1/m;, power corrections
from penguin annihilation. Therefore, even an information
on the sign of CP asymmetries will be very valuable.
The recent LHCb measurements of inclusive and local
direct CP asymmetries in charmless B — P, P,P; decays
[1-3] provide a new test ground of the factorization
approach. Let us first check the signs of CP violation.
The observed negative relative sign of CP asymmetries
between B~ — 7 w7~ and B~ — K K'K~ and
between B~ —= K 77w~ and B~ — 7 K"K~ is in
accordance with that expected from U-spin symmetry,
which enables us to relate the AS = 0 amplitude to the
AS = 1 one. However, symmetry arguments alone do not

tell us the relative sign of CP asymmetries between
7 amt7m~ and 7w K'K~ and between K wtw™
and K- K"K~. Based on a realistic model calculation
we find positive relative signs, which are in contradiction
to the LHCb experiment. How to resolve this CP
enigma becomes a very important issue in the study of
hadronic three-body decays. The LHCb observation
of the correlation of the CP violation between
the decays, Acp(m mtm )=—Acp(r  KTK™) and
Acp(K-mta")=—A p(K-KtK™) has led to the con-
jecture that 7" 7~ «— K* K~ rescattering may play an im-
portant role in the generation of the strong phase difference
needed for such a violation to occur.

In this work we shall follow the framework of Ref. [31]
to update the analysis of three-body decays and explore
inclusive and regional CP violation in detail. We take the
factorization approximation as a working hypothesis rather
than a first-principles starting point as factorization has not
been proven for three-body B decays. Therefore, we shall
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work in the phenomenological factorization model rather
than in the established theories, such as QCDF, pQCD, or
soft-collinear effective theory.l For CP violation, we will
focus on direct CP asymmetry and will not discuss mixing-
induced CP violation in, for example, B’ — K*K Ky and
K¢KKjs. This topic has been discussed in Refs. [31,39].

The layout of the present paper is as follows. We shall
first discuss the decay B — 777 in Sec. Il in order to fix
the parameter for describing the nonresonant background
at the tree level. We discuss this mode in detail to set up the
framework for studying resonant and nonresonant contri-
butions. Then in Sec. III we proceed to B — KKK decays
to emphasize the importance of nonresonant penguin con-
tributions to penguin-dominated modes. The three-body
channels B— K77 and B— KKm are discussed in
Secs. IV and V, respectively. In Sec. VI, we determine
the rates for B — VP and B — SP and compare our results
with the approach of QCD factorization. Inclusive and
localized CP asymmetries are addressed in Sec. VII.
Section VIII contains our conclusions. Some of the input
parameters used in this work are collected in Appendix A.
Factorizable amplitudes for some of the B — PPP decays
not discussed previously in Ref. [31] are shown in
Appendix B.

PHYSICAL REVIEW D 88, 114014 (2013)
II. B — @@ DECAYS

For three-body B decays, the b — sqg penguin transi-
tions contribute to the final states with an odd number of
kaons, namely, KKK and K#r, while b — uqqg tree and
b — dqg penguin transitions contribute to final states with
an even number of kaons, e.g., KK7 and 77r7r. We shall
discuss the decay B — wmar first in order to fix the pa-
rameter needed for describing the nonresonant background
at the tree level and then B — KKK to fix the unknown
parameter for the nonresonant penguin contribution.
Finally, we proceed to discuss the B— K77 and B —
KK channels.

Under the factorization hypothesis, the decay ampli-
tudes are given by

G
=£ > AY(P\P,PsITY|B),

(P PyP3| H |B) =
\/zpzu,c

@2.1)

where Aﬁ,’) =V,,V,., with r =d, s. For the KKK and
K modes r = s, and for the KK and 777 channels
r = d. The Hamiltonian Ti,r) has the expression [32]

Tﬁf) = a8, (ab)y_p ® (Fu)y_4 + a8, (Fb)y_4 ® (iu)y 4 + az(Fb)y_, ® Z(C_]CI)V—A
q

+al  (Gb)y-s ® (FQ)y—s + as(Fb)y-4 ® D (qq)v+a

q q

_ 3 _ 3 _ 3
- 2d§2(qb)s—f' ® Eeq(rQ)sw + ag(Fb)y_4 ® Zzeq(qq)v—A + afoZ(qb)v—A ® Eeq(rQ)V—A’
q q q

PN (A _ - 3
- Zaéz(qb)S—P ® (Fq)s+p + a7 (Fb)y—, ® Zieq(qQ)V+A
q q

(2.2)

with (Gq")y=a = gy, (1 £ ¥5)q', (qq")s+p = G(1 = 7ys)q’, and a summation over ¢ = u, d, s is implied. For the effective

Wilson coefficients, we shall follow Ref. [31] and use

a; =~ 0.99 * 0.037i,
a§ =~ —0.04 — 0.008i,
ag~ (4.4—0.3i) X 1074,

a, ~0.19—0.11;,
at = —0.06 — 0.02i,
ay =~ —0.010 — 0.0002i,

az =~ —0.002 + 0.0044,
ag =~ —0.06 — 0.006i,
aly~(—58.3+86.1i) X 1077,

as =~ 0.0054 — 0.005i,
a; ~0.54 X 1074,

al ~ —0.03 — 0.02i,
al~(4.5-0.5i) 1074,
a$,~(—60.3 + 88.8i) X 1073,
(2.3)

for typical a; at the renormalization scale u = m;,/2 = 2.1 GeV. The strong phases of the effective Wilson coefficients
arise from vertex corrections and penguin contractions calculated in the QCD factorization approach [32].

A. B~ — wtw @ decay

The factorizable tree-dominated B~ — 7t 7~ 7w~ decay reads

"For the study of B — PPP decays in different approaches, the reader is referred to Refs. [37,38].
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<7T+7T_7T_|TP|B_> = <7T+7T_|(ﬁb)V_A|B_><7T_|(L7u)V_A|0>[a18pM +al +aly — (af + aé’)r}’]
+ {7 [(db)y_4|B~Xa* m~ |(au)y_4l0)az 6, + a3 + as + a; + ao]

- - 1
G N@)y-alB X w1y -al0) a5 + af + a5 = 5 (ay + ay + afy)|

+ (@) y_ | BN+ 7T—|(§s)V_A|o>[a3 a5 - %(a7 + ag)]
+ (7~ |db|B~ Xa" 7~ |dd|0)(—2al + af)
+ <7T_7T+7T—|(67M)V—A|0><0|(ﬁb)v—A|B_>(a15pu + al + af)

+{m mta|d(l + ¥5)ul0)XO0liaysb|B~)(2al + 2af),

m2
my, () (mg () —m, (@) *
identical 77~ mesons in this decay, one should take into

account the identical-particle effects. For example,
(= |(@b)y-alB~ X~ |(du)y-410)
=(m " (p) 7 (pI|(@b)y -l B~ X7~ (p3)l(du)y—410)
+(mt (p) 7 (p)l(@b)y 4B~ X7~ (po)l(du)y410),
(2.5)

where r7(u) =2 Since there are two

and a factor of % should be put in the decay rate. Note that
(w7 |(dd)y_,|0) = —(7 " 7 |(iau),,_ ,|0) due to isospin
symmetry. The matrix element {77+ 7~ [(5s),_410) is sup-
pressed by the Okubo-Zweig-lizuka (OZI) rule.

Under the factorization approach, the B~ — 7w 7~ 7~
decay amplitude consists of three distinct factorizable
terms: (i) the current-induced process with a meson emis-
sion, (B~ — w7 ) X (0 — 7), (ii) the transition pro-
cess, (B~ — 7 ) X{0— "7, and (iii) the annihilation
process (B~ — 0)X{0— w7 7~), where (A — B)
denotes a A — B transition matrix element. We shall con-
sider the nonresonant background and resonant contribu-
tions separately.

1. Nonresonant background

For the current-induced process, the three-body
matrix element (77 |(ib)y,_4|B~) has the general
expression [40]

(mH (p)7 (p)I(@@b)y—4I1B™)
=ir(pg=p1=p2)utio(pa+ py

tiw_(p2— Pyt h€uappi(p2+ p)* (P2 — p1)P.
(2.6)
The form factors r, w+, and & can be evaluated in the
framework of HMChPT [40]. However, this will lead to
decay rates that are too large, in disagreement with experi-
ment [41]. The heavy-meson chiral Lagrangian given in
Refs. [28-30] is needed to compute the strong B*BP,

B*B*P, and BBPP vertices. The results for the form
factors read [23,40]

(2.4)

__ 8 fprmp-\/mpgmp- _(I?B_Pl)'l’l /B
T 2 2 1 2 +—2,
e $23 T Mps Mg 2f%
:ifB*mB*\/Wl:l_F(pB_pl)'pl:l
Iz s —mp m3, '
—Je _ /B Ps (P2 — p1)
1% (pp = p1 = p2)* — mj

w_

2f%

+2gf3* @(PB_Pl)'Pl
f%’ mp+ S23_m§*

_4g2f3

f%r (PB_Pl_Pz)z_m%;

pi-p2—pi-(ps— pO)p2 - (pp — p1)/mi,

2
$23 mB*

mpmps

X

2.7

where s;; = (p; + p;)?, f» = 132 MeV, and g is a heavy-
flavor-independent strong coupling which can be extracted
from the CLEO measurement of the D** decay width,
lg] = 0.59 = 0.01 + 0.07 [42]. We shall follow Ref. [28]
to fix its sign to be negative. It follows that

Agirremeina = (7~ (p3)(5)y-410)

XA{a " (p)a (p)l(@b)y_41B™)

__f=
2
+ (593 — S35 — m% + m%)a)_].

[2m3r + (my — 510 — m3)w+
(2.8)

However, as pointed out before, the predicted nonreso-
nant rates based on HMChPT are unexpectedly too large
for tree-dominated decays. For example, the branching
fraction of nonresonant B~ — 7" 7~ 7~ is found to be
of order 75 X 107, which is one order of magnitude larger
than the BABAR result of ~5.3 X 107 (see Table II). The
issue has to do with the applicability of HMChPT. In order
to apply this approach, two of the final-state pseudoscalars
in the 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 three-body
charmless B decays, the available phase space where chiral
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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. Following Ref. [31], we shall assume the
momentum dependence of nonresonant amplitudes in an
exponential form, namely,

HMChPT

= —axrpp (P11 p2) pi
Acurrent-ind = Acurent-ing® NPT P e i,

(2.9)

so that the HMChPT results are recovered in the soft-meson
limit py, 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 ex-
ponential term e~ 75 (P1+72) Tn what follows, we shall use
the tree-dominated B~ — 7" 7~ 7~ decay data to fix the
unknown parameter ang. Besides the nonresonant contribu-
tion from the current-induced process, the matrix elements
(m* 7 |Gy ,ql0) and (7" 7 |dd|0) also receive nonreso-
nant contributions. In principle, the weak vector form factor
of the former matrix element can be related to the charged
pion electromagnetic (e.m.) form factors. However, unlike
the kaon case (which will be discussed below), the time-like
e.m. form factors of the pions are not measured well enough
to allow us to determine the nonresonant parts. Therefore,
we shall only consider the resonant contribution to
(m" 7w~ 1q7,410). As for the matrix element (77" 7~ |dd|0),
it can be related to (K™ K~ |5s|0) (to be discussed below) via
SU(3) flavor symmetry. Nevertheless, it is suppressed by the
smallness of the penguin Wilson coefficients a¢ and ag.
Therefore, the nonresonant component of B~ — 7~ 77~
is predominated by the current-induced process, and its
measurement provides an ideal place to constrain the pa-
rameter ang, which turns out to be

ang = 0.0817350 Gev 2. (2.10)
This is very close to the naive expectation of ang ~
O(1/(2mgA ,)) based on the dimensional argument. The
phase ¢, of the nonresonant amplitude in the (7*77)
system will be set to zero for simplicity.

2. Resonant contributions

In general, vector-meson and scalar resonances contrib-
ute 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,|J,|B). Resonant

*The two-body matrix element (P;P,|V,|0) sometimes can
also receive contributions from scalar resonances. For example,
both K* and K;(1430) contribute to the matrix element
(K~ 7t |(5d)y_410); see Eq. (2.12).
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effects are described in terms of the usual Breit-Wigner
formalism. More precisely,

(T (p) 7 (p)(@b)y—41B7)"

= SV

— 2 4
my, + imy 'y,

-1
+ E<7T+7Ti|S‘> -
- Ys —mg +img Ty,

(Vil(@b)y_a|lB~)

(S:|(@b)y_41B~),

(m* 7w 1qy,,q910)%

1
= ta|v; Vilg 0),
S TV VATual0
(7"~ |dd|0)R
=Nzt 7S, — S;lddloy, (.11
Z(ﬂ' v | l>s—M§i+imgiF5i< zl | > ( )
where V; = ¢, p,w,... and S; = f,(980), f,(1370),
fo(1500), .... It follows that

(m (p) 7 (p)l(@b)y—41B7)"

V—>7r+77'_
Zslz mv +imy Iy,

X Y&" (py = pXVil(@b)y—41B™)

pol

S—v7r7r

- Z 'msirsi

S12 —

(S:{(@b)y_41B~),

<7T+(P1)7T_(Pz)|6?7MQ|0>R
V—>7T+7T_

—Z o .

s —mi +imy Ty, ol

(p1 — P2XVilgy,.ql0),

(7~ |dd|0)R
S—>7r T
= —Z , (S;ldd|0). (2.12)
s — ms img I's.
Using the decay constants defined by
(81224110) = msfs,  (P(PNGry,Ysa:110) = =ifppy,
V(Pg2y,9:110) = fymyey, (2.13)

and the form factors defined by’

3We follow Ref. [43] for the B— P and B — V transition
form factors. The form factors for the B — S transitions are
defined in Ref. [44].
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2 .2
POINVB) = ((p+ 2 =5, P17 + q—’"

2

2 _
(S8 =~ ((7+ )~ e

2
V(P NV ,IB(p) = ————€usape™ p*PPV(g?),
v

mp+m
*

V(P A, B() = ] (g + ), AT () — S

qM)FBS(qz) + 7361
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2
auF§" (@),

q,F8 (qz)]
(2.14)

*

P ) @) 2P, A7) - ABV(qm]

where P, = (p+p') ., g, =(p—p') .. AEV(0) = AEY(0), and
mpg + m mg —m
ABV(g?) = 2L ABV(g?) - =2 —YARV(g?), (2.15)
2m 2mV

we are led to

(7 (p) 7 (p)(@b)y 1B~ Y (m™ (p3)l(du)y—410)
— Bpi¢ 2
gr—m ™ [ Bpig oy A Bpi( 2 Bpi( 2 ]
- +m, )AP (¢?) - — 515) — 2m,, [A#1(g?) — ABP
ZZ\/ESQ my +im, I, (513 = 523)] (mp m”") 1(q) mg+m, (mg — s12) mp,»[ 37(q%) o (g%)]

f()l_'ﬂ- 7T |
& Bfy

~Dfx s (mi —s)Fy ' (¢), (2.16)

i S12 ™ My, +me0i Soi
with ¢> = (pg — py — p2)* = p3, and 3. Numerical results
The strong coupling constants, such as g?779=7 7 and

(" (pr)m™ (po)liy,ul0)

o
pi—m T
1 mpifﬂig l

a _ﬁ;slz - m%i + imPiFPi (pl - pz):“’
i m .fd ng01_>ﬂ.+ﬂ,,
(mt () (plddl0y = —F Lo
7 S12 T My T gL g,

(2.17)

where the scalar decay constant fq is deﬁned by

(foilgqlo) = my, F4 . gl=™ ™ s the fo—mim
strong coupling. Hence, the relevant transition amplitudes

are

(7 (p) 7 (p)(@w)y— 4 l0) (7~ (p3)|(db)y_41B™)
= —FP(si))FE ™ (s12)(s13 = $23),

<7T+(P1)7T_(P2)|£7d|0>R<7T_|£7b|3_>

my, [ g o

FBaT ) ,
my 12 Z Sy — m]%m +imy Ty,
(2.18)
with
. 1 m f gPL_WT T
FE™(5)=— Y —Lob C(@19
. (S) \/EZ m%z + lmPiFPi ( )

g/oO80—7"7" are determined from the measured partial

widths through the relations

3
_ Pe o _2 p: ,
FS—»PIPZ _Fm%gs‘—»P]Pz’ FV_’Plpz _547Tm%/gV—'P1P2
(2.20)

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

gp(770)—>7r+77" = 6.0, gK*(892)—>K+7r’ = 4.59,
g/oO80=7" T — 1337029 GeV, (2.21)
gKo430=K"m" = 3 84 GeV.

Note that the neutral p meson cannot decay into 77"

owing to isospin invariance. In determining the coupling of
fo— 7™, we have used the partial width

T(fp(980) = 7o) = (34.2F 133788 MeV  (2.22)
measured by Belle [45]. In this work, we shall specifically
use g/0O80—7"7" — 1 18 GeV to have a better description
of B— f,(980)K channels in B — K7 decays.

The calculated branching fractions of resonant and non-
resonant contributions to B~ — 7t 7~ 77~ are summarized
in Table III. The theoretical errors shown there are from the
uncertainties in (i) the parameter ang [see Eq. (2.10)]
which governs the momentum dependence of the nonreso-
nant amplitude, (ii) the strange-quark mass m, for decay
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TABLE III.  Branching fractions (in units of 107°) of resonant TABLE IV. Predicted branching fractions (in units of 107%) of
and nonresonant contributions to B~ — @7~ 7. The non- resonant and nonresonant contributions to B® — 7+ 7~ 70,

resonant background is used as an input to fix the parameter

ang defined in Eq. (2.9). Theoretical errors correspond to the ~ Decay mode — Theory — Decay mode Theory

uncertainties in (i) ang, (i) FE", oxg, and my(u) = pta 3.8100104100 5070 1.0+40+02+00

(90 +20) MeV at u =2.1GeV, and (iii) y = (69.7713)°. ot 13.8700+3540.1 £ (9g0) 70 (), (04 +0.000+0.001+0.000

Experimental results are taken from Table II. s = Loo Lol +0§2‘8(())0[00(')0m*0'000
p-m 17.8760731701 NR L6705 0.0-00

Decay mode BABAR [8] Theory Total 20.1793%37+01

Pl 8.1+0.7 = 1.2%94 6.7500 04701

p°(1450) 7~ 1.4+ 0.4 * 04753

fo(1370)7™ 2.9£0.5* 0551 1.6250500500 We see from Table I1I that the decay B~ — 7" 7~ 7~ is

f0(980)7~ <1.5 0.2100+00+00  dominated by the p° pole and the nonresonant contribu-

NR 5307 +0.6%}! input tion. The calculated total branching fraction (16.13;2) X

Total 152 0.6 = 1.275% 16.1719+10+02 1076 agrees well with experiment.

) ) B. B’ — 7t 7~ decay
modes involving kaon(s), the form factor FE7, and the

nonresonant parameter ongr to be introduced below in ) The factorizable amplitude of B® — 7"z 7" is
Eq. (3.11), and (iii) the unitarity angle 7. given by
|

(7Ot 7 |T,|B%) = (a* 7'l (ab)y o |B°X 7~ [(du)y—alO) a6 ,, + af + afy — (af + ag)ry]

+ (o 77*|(&b)H|B°><W0|(au)V,A|o>[azapu a4 (ag - %ag’)r; + %(a7 +ag) + %a’l’o]

+ (7| (ib)y— 4| BO)7r™ 7TO|(67M)V—A|0>[315pu + ay + ajy]

@)y B 7 @)y -0 a2, = af + 3 ay + a0) + 5.y |

+ (7°1db| B 7 7w |dd|0)(—2af + af). (2.23)

Itis obvious that while B~ — 7" 77~ 7~ is dominated by the p° resonance, the decay B — 7" 7~ 7 receives intermediate

p~ and p° pole contributions. As a consequence, the 77~ 7" mode has a rate larger than 77~ 7~ even though the
former does not have two identical particles in the final state and moreover it involves a 7° meson. Note that the calculated
branching fractions of B — p= 7, p®7° shown in Table IV are consistent with the data (in units of 1079),23.0 = 2.3 and
2.0 + 0.5, respectively, measured from other processes [4]. The nonresonant rate in B — 7+ 77~ 70 is fairly small because
it is expected to be about four times smaller than that in B~ — 7{* 7~ 7~ . This is confirmed by a realistic calculation.
In Sec. V C we shall explore the possibility of the large rate of BY — K* K~ 7" observed recently by Belle [20] can arise
from the decay B — 7+ 7~ #¥ followed by final-state rescattering of 7" 7~ — KTK ™.
III. B — KKK DECAYS
A. B~ — Kt*K K~ decay
The factorizable penguin-dominated B~ — K"K~ K~ decay amplitude is given by

KKK T \B Y= (K K\ @)y o B XK 1)y 4l0)ay 8, + af +aly — (al + af)rk]
+(K™|(5b)y_alB- XK K~ |(@u)y - 4|0)(ar8, + az + as + a; + ag)
KNSl B K KN @d)y— a0 a3+ a5 =30+ )|
+(K|(5b)y_4|B- XK K~ |(§S)V—A|O>|:03 +aj +as _%(07 +ayg+ afo):l

+(K~|5b|B~XK* K~ |55|0)(—2a¥ + af)
+ (K" K™K |(5u)y_4|0)01(ith)y_41B~ Ma; 6 ,, + af + ay)
+(K*K~K~|5(1+ y5)ul0)XO0liaysb|B~)(2al +24k). 3.1
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For the current-induced process with a kaon emission, the
form factors r, w+, and h for the three-body matrix ele-
ment (KT K~ |(iib)y_4|B~) [see Eq. (2.6)] evaluated in the
framework of HMChPT are the same as that of Eq. (2.7)
except that B* is replaced by Bj. As explained in the last
section, the available phase space where chiral perturbation
theory is applicable is only a small fraction of the whole
Dalitz plot. Therefore, we have proposed to parametrize
the b — u transition-induced nonresonant amplitude in an
exponent form given in Eq. (2.9). The unknown parameter
ang 18 determined from the data of the tree-dominated
decay B~ — w77~ 7~ and is given by Eq. (2.10).

In addition to the b — u tree transition, we need to
consider the nonresonant contributions to the b — s pen-
guin amplitude,

Ay = (K (p)IED)y-slB" XK (p2) K™ (p3)l(3q)y-4l0),
Ay = (K~ (p)I3b|B~XK ™ (p2)K ™ (p3)I3s]0). (3.2)

The two-kaon creation matrix element can be expressed in
terms of time-like kaon current form factors as

(K™ (p)K~ (px NGy ,.ql0) = (pg+ — px-) JFE K,

(K(po)K*(po)l Gy ,q10) = (pyo — pgo) JFK'K'. (3.3)

The weak vector form factors FX'K and F 50’(0 can be
related to the kaon e.m. form factors FK K~ and FKK’
for the charged and neutral kaons, respectively.
Phenomenologically, the e.m. form factors receive
resonant and nonresonant contributions and can be
expressed by

FEK = FEK + FEK + FEK + Fy,

KORO KK KK KK / 34
FIR — — KK 4 FKK 4 FKK 4 Flp.
It follows from Egs. (3.3) and (3.4) that
- - 1
FE'K™ = pKKY — pKK 4 3pKK 3 BFar = Flw),
FK'K = FK'K" — KK 4 3pKK (3.5)

4o > 1
FK'K™ = FKR — _3FgK_§(3FNR+2FI/\IR),

where isospin symmetry has been used.
The resonant and nonresonant terms in Eq. (3.4) can be
parametrized as

Ch

Fy(sy3) =

(1) xg/) x(z/) $23\ ]!
FO (533) = <—+—)|:ln<~—)i| ,
NR\»23 523 S%3 A2

with A = 0.3 GeV. The expression for the nonresonant
form factor is motivated by the asymptotic constraint
from pQCD, namely, F(t) — (1/0)[In(z/A*)]"! in the
large-¢ limit [46]. The unknown parameters cy,, x;, and x§

(3.6)

PHYSICAL REVIEW D 88, 114014 (2013)

are fitted from the kaon e.m. data, giving the best-fit values
(in units of GeV? for ¢,) [47]

c, =3c, = cy =0.363, Cp(1450) = 7.98 X 1073,
Cp(1700) =171 X 1073, Cw(l420) = —7.64 X 1072,

Cw(1650) = _0116, c¢(1680) =-20X 10_2, (37)
and

x; = —3.26 GeV?, x, = 5.02 GeV*, (3.8)
x| =047 GeV2,  x,=0.

Note that the form factors F, , 4 in Egs. (3.4) and (3.5)
include the contributions from the vector mesons p(770),
p(1450), p(1700), w(782), w(1420), w(1650), ¢(1020),
and ¢(1680). As a cross-check, following the derivation of
the resonant component of (7" 7~ [y ,ul0) in Eq. (2.17)
we obtain the resonant contributions to the K™ K~ transi-
tion form factors,

—KT K™

. 1 m, f, 8P
Ff,RK (s) — _ (Z Piv Pi

75 ST m%; + imPil—‘P:

i

—KTK~™
s oS08 KoK )
=s—m% +im,T, /)
) 1 m, f, gl KK
FEK () =—(Z ol pi8” (3.9)
’ V2\G s —mp +im, T,

w—K"K~
_ mwifwig ' )
—_ 2 : g

~ s —my, +im,T,

—KTK~
FEK K (5) = _Z my fg,87 KK '
SR s — mi +imy, Ty,

Using the quark-model result gP—K K ;go—K'K",

g?K' K =1:1: — 1/4/2 to fix the relative sign of the

strong couplings and noting that g¢~K'K = —454

(determined from the measured ¢ — K™K~ rate), we

find cy = —1myfug?~K'%¥ =0340, in agreement

with ¢4 = 0.363 obtained from a fit to the kaon e.m. data.
The use of the equation of motion thus leads to

Ay =(sp— 513)F119K(523)F§+K7 (523),

" — i . (3.10)
Ay = L —LBFBK(s3) fK K (553),
my, — mg

. + - .
where the matrix element fX X receives both resonant
and nonresonant contributions,

(KT (p)K ™ (p3)|5s10) = fKK (553)

= Z I’ﬂfmf}mgfﬂi
2 _ e
i My, — S 7 Wy, FfDi

—KTK~
+ f.{‘\IRy

fF;IR = §(3FNR + 2FI/\IR) + onpe” ¥,

(3.11)
with
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2 2 _ 2
mK* :mK me,

v =

(3.12)

m, + mg mg — my

characterizing the quark-order parameter (Gg) which spon-
taneously breaks the chiral symmetry. The nonresonant
ong term is introduced for the following reason.
Although the nonresonant contributions to fXX and FKK
are related through the equation of motion, the resonant
ones are different and not related a priori. As stressed in
Ref. [48], to apply the equation of motion, the form factors
should be away from the resonant region. In the presence
of resonances, we thus need to introduce a nonresonant
onr term which can be constrained by the measured
B’ — KK 4K rate and the K™K~ mass spectrum mea-
sured in B — K™K~ K [31]. The parameter « appearing
in the same equation should be close to the value of ayg
given in Eq. (2.10). We will use the experimental measure-
ment a = (0.14 = 0.02) GeV 2 [49].

It is known that in the narrow-width approximation, the
three-body decay rate obeys the factorization relation
I'(B—RP— P,P,P)=1'(B—RP)B(R— P,P,), (3.13)
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 the quasi-two-body decay amplitude
A(B — RP), one can have a cross-check on the three-body
decay amplitude of B — RP — P,P,P. For example, the
factorizable amplitude of the scalar f,(980) contribution to
B~ — K*K~ K~ derived from Eq. (3.1) is given by

(K*K~K~|T,|B");,

_ g Fo(980)—K K~
2 _ B
my, = 3 — img L'y,
}—,fo 7s BK(,,2 2 2 14 1 p
X 1= f5,F§ (mfo)(mB —mg)|af — 598

Bfl
+ FxFY ) m3, — m2)

X [a, 8% + af + aly — (af + a§)r§]}. (3.14)

Comparing this equation with Eq. (A6) of Ref. [50], we see
that the expression inside {- - -} is identical to that of B~ —

f0(980)K~, as it should be.* In the above equation, 7;0 =
2my /m,(w). The superscript u of the form factor Fg‘g

“There are some sign typos in Eq. (A6) of Ref. [50] including
the one in the amplitude of B~ — f,K~. When comparing
Eq. (3.14) with Eq. (A1) of Ref. [51], we see that some terms
are missing in Eq. (3.14). This is because one has to consider the
convolution with the light-cone distribution amplitude of
the f((980) in the approach of QCDF. As a consequence, the
amplitude for f emission does not vanish in QCDF. We will not
consider these subtitles in the simple factorization approach
adapted here.

PHYSICAL REVIEW D 88, 114014 (2013)

reminds us that it is the uiz quark content that gets involved
in the B-to-f, form-factor transition.

We digress for a moment to discuss the wave function of
the f,(980). 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 assignment for
the f(980). In the naive quark model, the flavor wave
functions of the f;(980) and f,(500) (or o meson) read

1
NG

where ideal mixing for f;(980) and f,(500) has been
assumed. In this picture, f((980) is purely an s3 state.
However, there also exist some experimental evidences
indicating that £,(980) is not purely an s5 state. First, the
observation of T'(J/¢ — fow) =TI/ — fodp) [T]
clearly indicates the existence of the nonstrange- and
strange-quark content in f,(980). Second, the fact that
f0(980) and a((980) have similar widths and that the
f0(980) width is dominated by #rr also suggests the com-
position of uii and dd pairs in f,(980); that is, f(980) —
ar7r should not be OZI suppressed relative to ay(980) —
77. Therefore, the isoscalars f,,(500) and f,(980) must
have a mixing

(uii + dd), (3.15)

f0(500) = £0(980) = 5,

[£0(500)) = —|s5)sin @ + |nii)cos 0,
[£0(980)) = |s5)cos 6 + |nit)sin 6,

(3.16)

with nii = (iiu + dd)/~/2. Experimental implications for
the f,(980) — f,(500) mixing angle have been discussed
in detail in Ref. [52]. Assuming two-quark bound states for
f0(980) and f(500), the observed large rates of the B~ —
f0(980)K and f,(980)K* modes can be explained in QCDF
with the mixing angle 6 in the vicinity of 20° [51]. In this
work, we shall use 8 = 20°.

Finally, the matrix elements involving three-kaon
creation are given by [41]

(K°(p)K* (p2)K~ (p3)I(5d)y—al0)0l(db)y -4 B®) = 0,
(K°(p)K* (p2)K~ (p3)|5y5d|0)X0ldysb|B°)

_ vam% (1 Sz mp— m%>FKKK(m%). (3.17)

2 2
famy mg — mg

Both relations in Eq. (3.17) are originally derived in the
chiral limit [41] and hence the quark masses appearing in
Eq. (3.12) 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 FXXK to extrapolate
the chiral result to the physical region. Following Ref. [41]
we shall take FX¥K(g2) = 1/[1 — (¢*/A2)], with A, =
0.83 GeV being a chiral-symmetry-breaking scale.

To proceed with the numerical calculations, we shall
assume that the main scalar-meson contributions are those
that have dominant s§ content and large coupling to KK.
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We consider the scalar mesons f,(980), f,(1500), and
fo(1710), which are supposed to have the largest couplings
with the KK pair. More specifically, we shall use
gloO80—KTK™ — 37 Gey,  glo1500=K"K" — () 69 GeV,
gf0(1710)_'K+K7 = 16GCV, Ff0(980) = 80 MeV, ng(lSOO) =
0.109 GeV, Ff0(1710_) = 0.135 GeV, ffo(ggo)(/_L =_mb/2) =
0.46 GeV [53], ffo(l500) =~ (.30 GeV, and ff()(1710) =
0.17 GeV. As for the parameter ong in Eq. (3.11), its
magnitude can be determined from the measured
KKK rate, namely, B(B® — K¢KsKg) = (6.1 = 0.5) X
1076 [4]. As for the strong phase ¢, we follow Ref. [31] to
take ¢, = 7/4, which yields a K* K~ mass spectrum in
B° — K* K~ K consistent with the data,

PHYSICAL REVIEW D 88, 114014 (2013)

onr = €™4(3.391018) GeV. (3.18)

The calculated branching fractions of resonant and
nonresonant contributions to B~ — KYK~ K-, B —
K*K K’ B~ — K K(K;, and B°— K(K¢K; are
depicted in Table V. The factorizable amplitudes of the
last three modes can be found in Appendix A of Ref. [31].
Note that both BABAR and Belle used to see a broad
scalar resonance fx(1500) in B— K"K"K~, K"K Kj,
and K*K~ 7" decays at energies around 1.5 GeV.
However, the nature of fx(1500) is not clear as it cannot
be identified with the well-known scaler meson f,(1500).
Nevertheless, the recent angular-momentum analysis of

TABLE V. Branching fractions (in units of 107%) of resonant and nonresonant contributions to
B — K"K K ,B"—> K"K K° B~ — K KK, and B — K¢K¢Kj.

Belle [13] Theory

2 9+0.0+0.5+0‘0
*7=0.0-0.5-0.0
+0.0+2.6+0.0
11'0—0.0—2.1—0.0
+0.0+0.11+0.0
0'62—0.0—0.10—00
1 1+0+0,2+0
*1=0-0.2-0

4.72 % 0.45 = 0.357939
<29

Decay mode BABAR [12]

B~ — K"K K~

dK~ 4.48 +0.221033
fo(980)K ™~ 9.4+ 1.6=28
fo(1500)K ~ 0.74 = 0.18 = 0.52
Fo(1710)K ~ 1.12 = 0.25 = 0.50
f5(1525)K~ 0.69 = 0.16 = 0.13
NR 228 £27*17.6
Total 33.4*05%09
B> K"K K°

Decay mode BABAR [12]
HK° 3.48 +0.287021
£0(980)K? 7.0726 £ 2.4
fo(1500)K° 0.577533 = 0.12
fo(1710)K° 44*07*05
f5(1525)K° 0.13752 +0.16
NR 33£5+9
Total® 254+0.9£0.38
B — KiKsKS

Decay mode BABAR [12]
f0(980)K ~ 147 +28+ 1.8
Fo(1500)K ~ 0.42 = 0.22 = 0.58
fo(1710)K ™~ 0.48%239 + 0.11
5(1525)K~ 0.61 +0.21+212
NR 19.8 £3.7+25
Total 10.1 £0.5+0.3
BO - KSKSKS

Decay mode BABAR [21]
f0(980)Ks 27713 £ 04 = 1.2
fo(1500)K g

Fo(1710)K 0.5094¢ +0.04 = 0.10
£2(2010)Kg 0.54%920 +0.03 = 0.52
NR 13.3732 £ 0.6 = 2.1
Total 6.19 = 0.48 = 0.15 = 0.12

240+ 1.5 + 1.8719
30.6 £1.2+23

Belle [11]

28.3*£33*40

Belle [11]

134£19=*15

Belle [11]

4.271$+0.8

+0.8+7.6
21'871.1*5.9
5

1

26.9754+7

Theory
+0.0+0.4+0.0
2.626,0-04-0.0
9.1 +0.0+17+0.0
-1=0.0-1:4-0.0
+0.0+0.10+0.0
0.5526,0=0.09-00
1.0+0.0+0.2+0.0
V-0.0-02-0.0

12070442

1 8.7t0'2+3'

8+
47
5+
0.3-3.1—

0.1
0.1
0.0
0.0

Theory
8.700 1600
0.5975.00-0:05-0,00
108000015000

+0.24+3.7+0.0
1 1'3—0.3—3.0—0.0

+0.0+3.7+0.0
15.1 —0.0-3.2-0.0

Theory
24550508400
0155000 0:03-0:00
0.285.0070:04 7000

+0.09+2.04+0.01
6'58*0.12*1.70*0.01

+0.01+1.62+0.01
6. 197(1()271.427().01

*The LHCb measurement is B(B° — K™K~ K% = (19.1 + 1.5 = 1.1 = 0.8) X 1076 [19].
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the above-mentioned three channels by BABAR [12] shows
that the fy(1500) state is not a single scalar resonance, but
instead can be described by the sum of the well-established
resonances f((1500), f(1710), and f%(1525).

From Table V it is obvious that the predicted rates for
resonant and nonresonant components are consistent with
experiment within errors. It is known that the calculated
B(B — ¢K) is smaller than experiment and this rate-
deficit problem calls for the 1/m, power corrections
from penguin annihilation. A unique feature of hadronic
B — KKK decays is that they are predominated by the
nonresonant contributions with a nonresonant fraction of
order 80%. The nonresonant background due to the
current-induced process through the B — KK transition
|

PHYSICAL REVIEW D 88, 114014 (2013)

accounts for only 5% of the observed nonresonant contri-
butions as it is suppressed by the parameter ang. This
implies that the two-body matrix element of scalar den-
sities, e.g., (KK|5s]|0) induced from the penguin diagram
should have a large nonresonant component. This is plau-
sible because the decay B — KKK is dominated by the
b — s penguin transition. Consequently, it is natural to
expect that the nonresonant contribution to this decay is
also penguin dominated.

IV. B — K7 DECAYS

The factorizable penguin-dominated B~ — K~ 77~
decay amplitude has the expression

(K=t T, |B™)={(m" 7 [(ab)y_s|B~ XK~ |(5u)y_al0)Ma, 8, +al +aly—(af +al)rk]
H(KTNGD)y—al BNt~ |(@u)y4l0) a8, + a3+ as +a; + aq]

K1)y AlB W Ay 2l as-+as =3 ar-+ao) |

1
+(K|Gb)y_alB~Nmt o™ |(§S)V—A|0>[a3 +aj +as _5(07 +ag+ a?o)]

(K [5BIB Y 7 5510)(—2a +al) + (m |(@b)y—_ 4| B WK~ w+|(sd)V_A|o>(a5—1afo)

2

+ (7 |db|B~ XK~ " |5d|0)(—2af +af) + (K~ 7" 7 |(5u)y_,10X0l(@b)y 1B~ )a, 8, +al +aly)

+(K~ 7" 7 [5(1+ y5)ul0)XO0liysb|B~)(2al +2af).

The factorizable amplitudes for other B — K7 modes,
such as B~ —= K7~ 7% B - K~ #"#%, K7+ 7, and
K°7°%7°, can be found in Appendix A of Ref. [31]. The
expression for A(B~ — K~ 7°#°) is given in Eq. (B1). All
six channels have the three-body matrix element
(7rm|(gh)y_4|B) which has the similar expression as
Egs. (2.7) and (2.8). The three-body matrix elements also
receive resonant contributions; for example,

(K= (pO) 7" (p2)I(5b)y—alBOY®
gK[*—>K’77'Jr
S — m% + lmK;I‘K:

i

X ZS* “(p1 — paXKO1(3b)y_41B),
pol
KS—»K’WJr B _
- (R1(5b)y—41B%),
S12 — M + lmKSFKS

4.2)

with K7 = K*(892), K*(1410), K*(1680), ..., and K =
K;(1430).

For the two-body matrix elements {7+ K~ |(3d)y_4]0),
(7t~ |(iiu)y_410), and (7" 77~ |55|0), we note that

4.1)

[
(K= (p)mt (p)I(5d)y - 410)
= (7" (p)IGd)y_4|K" (= p1))

= (p) — Pz)uF{(”(Slz)
2
Z(p1 + p2) [ FF™(s12) + F§™(s12)]

4.3)

2
My —m
+ X
S12

where we have taken into account the sign flip arising from
interchanging the operators s < d. The resonant contribu-
tions are

(K~ (p) 7t (p)I(5d)y—410)%

Ki—K 7"
=50

— m2 ;
i S12 mm + lmK;:FKi*
1

X 3 e* - (py — p)K;|(Gd)y—410)
pol

K:—K 7"

-Y (K IG)yal0) (4
Py

— 2 :
7 S12 mKSi+lm

0i 0i

Hence, the form factors FX™ and (—FK™ + FX™) receive
the following resonant contributions:
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mye i gki—K™
(Ff7(s))f = Zm2 —

i K;

i

—s—imgTg’
. oKo— KT
(~FEn(0) + P = 3 el 1 :
- m%(:).l_ —s—img: U miy — m2

1

K;—Km
S

B Z TKijfg

—e— 2
T Mg =S me:_KI K; M
(4.5)

Note that for the scalar meson the decay constant fg
is defined in Eq. (2.13), while fg is defined by
S(P)G>v.q110) = fsp,. The two decay constants are
related by the equations of motion [50]

psfs = fs

mg

.th =—!
WS T () — my ()

(4.6)

where m, and m; are the running current-quark masses.
The nonresonant contribution (7t (p,)7 (p3)|5s|OYNR
vanishes under the OZI rule.

Now, the amplitude (K~ 7" |(5d)y_410) X
(7~ |(db)y_,|B~) in Eq. (4.1) has the expression
(K~ (pO) " (pIGd)y—alOX7™ (p3)l(db)y—41B7)

= F}7(s12) F{™(512)

= ) )]

S12

X [313 — 8523

(my — m3)(my — m3)

+ FE™(s12) F§™(s12) . , @7
12
with
(K~ (py)7* (py)15d|0)
me K*.gKg’ﬁKi ™ _ _
=y 5 +(K~ (p)m* (po)I5d|0)R.

- . — 1/ -
! mKo; Si2 7 g L kg,

(4.8)

We consider the factorizable amplitude of the weak
decay B~ — K;'(1430)7~ followed by the strong decay
K;%(1430) — K~ 7" as a cross-check on the three-body
decay amplitude of B— RP — P, P,P. From Eq. (4.1) we
obtain

(K™ (pO)m" (p)7 (p)IT, 1B )k0(1430)
gK;O( 1430)—K~ 7+
m%(;; - S1p — lmKSFKS

K; 1 K;
P _ 0,0 _ — P _ 0P
X {(a4 ry'ag 2<a10 'y ag))

X fis FEm (), m%,>},

(4.9)

where
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2
2m K:

() = (4.10)

my () (my(p) = my(m))”
The expression inside {- - -} agrees with the amplitude of
B’ — K30(143O)7TO given in Eq. (A6) of Ref. [50].

The momentum dependence of the weak form factor
FX7(g?) is parametrized as

FKW(O)

SGE .
i 1= q?/A2 +iTg/A,

@.11)

with I' being the width of the relevant resonance, which is
taken to be 200 MeV [41].

It should be stressed that the nonresonant branching
fraction (2.4 +0.5713) X107 %in B~ — K~ @ 7~ reported
by BABAR [5] is much smaller than the one (16.9 =
1.3%17) X 107% measured by Belle (see Table VI).
Since the BABAR and Belle definitions of the K{j(1430)
and nonresonant contribution differ, it does not make
sense to compare the branching fractions and phases
directly. While Belle (see, e.g., Ref. [6]) employed an
exponential parametrization to describe the nonresonant
contribution, BABAR [5] used the LASS parametrization to
describe the K7 S-wave and the nonresonant component
by a single amplitude suggested by the LASS collabora-
tion. While this approach is experimentally motivated, the
use of the LASS parametrization is limited to the elastic
region of M(K7r) < 2.0 GeV, and an additional amplitude
is still required for a satisfactory description of the data. In
short, the BABAR definition for the K;j(1430) includes an
effective range term to account for the low-energy K
S-wave, while for the Belle parametrization, this compo-
nent is absorbed into the nonresonant piece. For the
example at hand, the aforementioned BABAR result
B(B~ — K~ @7 )yg is solely due to the phase-space
nonresonant piece. It is clear that part of the LASS shape
is really nonresonant, which has a substantial mixing with
K;(1430). In principle, this should be added to the phase-
space nonresonant piece to get the total nonresonant
contribution. Indeed, by combining coherently the non-
resonant part of the LASS parametrization and the phase-
space nonresonant, BABAR found the total nonresonant
branching fraction to be (9.3 + 1.0 * 1.2%%98) x 107°.
We see from Table VI that the BABAR result is now
consistent with Belle within errors, though the agreement
is not perfect. Likewise, the branching fraction (2.8 =
0.5 * 0.4) X 107° of the phase-space nonresonant contri-
bution to B — K~ 7" 77° measured by BABAR [16] is now
modified to (7.6 = 0.5 = 1.0) X 107° when the nonreso-
nant part of the LASS parametrization is added coherently
to the phase-space nonresonant piece (see Table VI).

For the resonant contributions from K;(1430), the
branching fractions of the quasi-two-body decays B —
K;(1430)7r can be inferred from Table VI and the results
are shown in Table IX below. From the table we see that the
measured branching fractions of the K~ (1430)7* and
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TABLE VI. Branching fractions (in units of 1079) of resonant and nonresonant contributions to B~ — K-zt 7, B~ — K~ 7970,

B — K977, and B°

PHYSICAL REVIEW D 88, 114014 (2013)

— K~ 7" 7. Note that the BABAR result for K;’(1430)7~ in Ref. [5], K;;”(1430)7" in Ref. [14], all the

BABAR results in Ref. [16], and the Belle results in Ref. [17] are their absolute ones. We have converted them into the product
branching fractions, namely, B(B — Rh) X B(R — hh).

Decay mode

BABAR [5]

Belle [6]

Theory

B — K wtm™

K07~
Ki0(1430)7
p°K~
fo(980)K ™
NR

Total

B~ — K 7%7°
Decay mode
Km0

K3~ (1430)7°
F0(980)K~
NR

Total

B — ROzt 7~
Decay mode
K~ at
K§~(1430)7*
P K°
fo(980)K°
f>(1270)K°
NR

Total

B> K 7t a0
Decay mode
Kt
B0
K§~(1430)7*
K;°(1430)7°
pTK”

NR

Total

7.2+ 0.4 =0.7593
19.8 £0.7 = 1.73§ = 3.2
3.56 = 0.45 = 0.43103%
103 +0.5 = 1.3%}3
9.3+ 1.0+ 1.27§7 = 1.2°
544+ 1.1 +4.6

BABAR [9]
27*05*04

28*0.6 0.5

162+ 1.2 %15

BABAR [14]
5.527081 +0.35 = 0.41
185714 £ 1.0+ 04 =20
4377070 +0.29 = 0.12
6.92 = 0.77 = 0.46 = 0.32
1157242 £ 0.11 £ 0.35
11.1723 £ 0.9
502+ 1.5+ 1.8

BABAR [16]
2704x03
22+x03%03
860810
43*+03=x07
6.6 20.5*0.8
7.6 = 0.5 = 1.0°
385*x1.0£39

6.45 = 0.43 £ 0.4810%
32.0 = 1.0 = 247}
3.89 * 0.47 = 0.297932
8.78 = 0.82 = 0.6510.3
169 = 1.3 = 1.3%}4
48.8 = 1.1 * 3.6

Belle

Belle [15]
5607054
30.8 + 2.4 +2.4798
6.1=1.0=05%19
7.6 + 1.7 +0.7793

19.9 £2.5 + 1.6%97

+0.0+0.6+0.0
2'470.0*0.570,0
11 3+0.0+3.3+0.l
*~—0.0-2.8-0.1
+0.00+0.69+0.01
0'65—0.00—0‘19—0.01
+0.0+1.6+0.0
6'6*0.0*1.370.0
+0.0+8.0+0.0
15'570.0*5.170.0
+0.2+14.3+0.0
33'170.279270‘()

Theory
+0.00+0.18+0.03
0.916.00-0.17-0.03
2 4+0.0+0.840.0
-7—-0.0-0.7-0.0
3.3+0.0+0.84+0.0
-9-0.0-0.6—0.0
+0.0+2.5+0.0
5.9Z00-18-00
+0.144.240.0
TL7Z60%31 00

Theory
+0.0+0.5+0.1
2.0%50-03-0.1
+0.0+2.9+0.0
10.3%50°55 00
+0.00+0.49+0.00
0.127660-0.07-0.00
5.9+0.0+1.54+0.0
+7-0.0-1.5-0.0

15 0+0.2+7.8+0.0

—~0.2-5.1-0.0
+ + +0.1+13.7+0.0
475124 +37 30.620 1 5500
Belle [17] Theory

+1.5+0.5+0.8 +0.0+0.3+0.0
4971350303 L0650 50200
+0.0+0.2+0.0

<g'3 0.7760 02" 0.0
+0.0+1.5+0.1

5.0%6507 12701

b 4,1700+1.4+0.0
-1-0.0-1.2-00

+3.4+1.4+2.0 +0.0+2.6+0.1
151735371575 24765011 0.
+2.7+0.5 +0.3+5.8+0.0
57755503 <94 9.0%53733 0.0
+42 4 +0.4+11.9+0.1
36.67,1 = 3.0 18.67 04 65201

*The branching fraction (2.4 + 0.5 + 1.3 — 1.5) X 10~ given in Table II of Ref. [5] is for the phase-space nonresonant contribution to

B — K 7w .

"What Belle has measured is for K*7 where K* is not specified, though it could be K;(1430) [17].
“The branching fraction (2.8 = 0.5 = 0.4) X 10~° given in Table VI of Ref. [16] is for the phase-space nonresonant contribution to

B — K~ 740,

K;°(1430)7~ channels are of order 30 X 10~° by BABAR
and 50 X 107% by Belle. Note that the BABAR results are
obtained from (K7)’7~ and (Km)j~ 7" by subtracting
the elastic range term from the K7 S-wave [5,14]. For
example, the BABAR result shown in Table VI for the
branching fraction of K;’(1430)7r~ comes only from the
Breit-Wigner component of the LASS parametrization,
while the nonresonant contribution includes both the non-
resonant part of the LLASS shape and the phase-space
nonresonant piece. Nevertheless, the discrepancy between

BABAR and Belle for the Kj;7r modes still remains and it is
crucial to resolve this important issue.

Experimentally, the nonresonant rates in B~ —
K 7t7™ and B — K7 7~ are of the same order of
magnitude as that in B — KKK decays (see Tables V and
VI). Indeed, this is what we would expect. The nonresonant
components of B— KKK are governed by the KK matrix
element (KK|35s|0). By the same token, the nonresonant
contribution to the penguin-dominated B — K7 decays
should also be dominated by the K7 matrix element,
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TABLE VII. Branching fractions (in units _of 1079) of resonant
and nonresonant contributions to B~ — K%z~ 7% and B® —
IZ 0 o 0 e 0 .

Decay mode

)
w0 +0.0+0.3+0.2 o0, _— +0.0+0.34+0.0
K™ L7750503 202 K™ L2750703 0.0

Ky~ (1430)70  5.4700+16+01 g20(1430) 7~ 5.3109+ 16400

Theory Decay mode Theory

- 20 +0.0+2.5+0.0 +0.3+6.24+0.0

p K L5700569 0.0 NR 9.4703736 0.0
+0.24+10.3+0.0

Total 16.6Z05755 0.0

BO—’K07707T0

o0 +0.0+0.7+0.0 50,0 +0.00+0.18+0.00

fo(980)K 3.0550506-00 K™ 0.8870:00-0.16-0.00

o0 0 +0.0+0.8+0.0 +0.0+2.34+0.0

K; (1430)7 2.3750506-00 NR 5.5700517 500
+0.1+3.9+0.0

Total 10.8%50759700

namely, (K 7|5¢|0). Its precise expression will be given in
Eq. (7.11) below. The reason why the nonresonant fraction
is as large as 90% in KKK decays but becomes only
(17 ~40)% in K#a channels (see Table II) can be ex-
plained as follows. The nonresonant rates in the K~ 7" 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
|
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contributions only from ¢ and f, mesons, while K*, K3, p,
fo resonances contribute to K 77 modes, this explains why
the nonresonant fraction is of order 90% in the former and
becomes of order 40% or smaller in the latter.

The results of our calculation are shown in Tables VI and
VIL It is obvious that except for f,(980)K the predicted
rates for K", 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. As a result, this also explains why our predic-
tions of the total branching fractions of B — K& are
smaller than experiment.

V. B— KK DECAYS

In this section we turn to the three-body decay modes
KK dominated by b — u tree and b — d penguin
transitions.

A. B~ — K*K~ 7~ decay
The factorizable tree-dominated B~ — Kt K~ 7~ decay
amplitude reads

(m K*K|T,|B™) = (K"K~ |(iib)y_s| B~ X7~ |(du)y_4l0) a5, + af + afy — (af + af)r7]
+ (7 N(db)y—al B~ XK K™ (i) y—410)(ay8 ,, + a3 + as + a; + ag)

- - 1
+@B)y-alB YK KN dd)y-al0) s+ af + a5 = 5 (ay + ay + al)]

@)y plB XK KNES)y-pl0) 0+ a5 = 5 (a7 + a0

1

+ G 1db1B XK K 1ddI0)(~2a] + af) + KNGy 4B YK 7 (ds)y-al0)af — 5 afy )

+ (K™ 15b|B™ XK 7~ |ds|0)(— 2af + ag) + (K"K~ 7 |(du)y-10X0l(@b)y41B~)

X (a18,, +alf +al)) +(KTK~ 7 |d(1 + 5)ul0X0liysb|B~)(2al + 2ab).

Just as with the B~ — 7~ 777~ decay, the branching
fraction of the nonresonant contribution due to the b — u
tree transition will be too large—of order 42 X 10~ °—if it
is evaluated solely based on HMChPT. Hence, the momen-
tum dependence of nonresonant amplitudes in an exponen-
tial form given by Eq. (2.9) has to be introduced.

Note that we have included the matrix element
(KK~ |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 nonresonant
contribution from the scalar f, pole,

(K™ (p2)K™ (p3)ldd]|0)®
meIf}iOI gf(][_'ﬂ-+ T

=22
7 M

for 823 7 lmeirfOi

(5.2)

5.1)

|
where (foldd|0) = m f4 . In the two-quark model

for  £5(980),  F4 wg0) = Froos05in /32, Also note
that the matrix element (K~ (p3)|(53b)y_4IB7) X
(m (p1)K " (po)|(ds)y_4]0) has a similar expression as
Eq. (4.7),

(K~ (pI5B)y_ 4B~ X7~ (p1)K* (p2)l(ds)y—410)
= —F8K(s) F¥™(s1,)
_ (mp — mg)(mi — mi)]

S12

X [S13 — 53

(my — mg)(my — m3)

- FgK(Slz)Fgﬂ(slz) (5.3)

S12

As in Eq. (4.5), the form factor F {( 7 receives a resonant
contribution for the K* pole. The nonresonant and various
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TABLE VIII. Predicted branching fractions (in units of 1079)
of resonant and nonresonant contributions to B~ — KT K~ 7~
and B° — K¢K*7*. Experimental results are taken from
Table II.

Decay mode Decay mode

B —K'K 7~

KK~ 0.227000 001 001 Ko'(1430)K™  L.OZGE*0300
£0(980) 7 0.23+0.00+001+0.01 NR 29557503280
Total(theory) 51557411400 Total(expt.) 5.0 = 0.7

_ 0,
B'— K K*7*

KR 020 QIR KPR 13
0.7+1.9+0.

NR 427535 01

Total(theory) 6.2707+2:6+01 Total(expt.) 6.4 = 0.8

resonant contributions to B~ — K"K~ 7~ are shown in
Table VIII. The predicted total rate agrees well with
experiment.

Note that no clear ¢(1020) signature is observed in the
mass region m%., . around 1 GeV? [2]. Indeed, the
branching fraction of the two-body decay B~ — ¢ 7™ is
expected to be very small, of order 4.3 X 1078, It is in-
duced mainly from B~ — ww~ followed by a small

® — ¢ mixing [36].
B. B' — K¢K* 7™ decay

-0

The factorizable B — (K) K*7* decay amplitude is
given in Eq. (B2). The calculated branching fraction
(6.3738) X 107% is in good agreement with the current
average of BABAR [18] and LHCb [19], namely, (6.4 =
0.8) X 1076. The resonant states K*~ and K~ (1430) are
absent in this decay because the quasi-two-body decays
B — K*K** and K*K;*(1430) can proceed only
through the W-exchange diagram and hence they are
very suppressed.

C. B' - K*K~ 7" decay

The factorizable amplitude of B — K"K~ 7" can be
found in Eq. (B3). Since BB — K'K 77) =
(5.0 £0.7) X 107° [10], it has been conjectured that the
branching fraction of B — KK~ 7% should be of order
2.5 X 107°, which is indeed very close to the Belle mea-
surement (2.17 = 0.65) X 107° [20]. However, a detailed
study indicates that B(B® — K* K~ 7) is very small, of
order 5 X 1078, This is mainly because the short-distance
contribution to this mode is much smaller than the
K* K~ 7 one because the latter is governed by the exter-
nal pion-emission tree amplitude, while the former is
dominated by the internal pion emission. As a result,
AB° = KYK~7)/AB~ — K*K~ 7 ) = a,/(\2a,).
The experimental observation of a sizable rate for
K"K~ 7" implies that this mode should receive dominant
long-distance contributions. Since the branching fraction

PHYSICAL REVIEW D 88, 114014 (2013)

of B — 777~ 7% is of order 20 X 1076 (see Table IV), it
is tempting to consider a final-state rescattering of 7" 7~
into K"K~ that may substantially enhance the rate of
B — K"K~ 7" To estimate the effect of 7w*7~ —
K"K~ rescattering, we work in the framework of
Ref. [54] and note that in the quasi-elastic rescattering in
B — PP modes, the corresponding rescattering amplitude
is governed by the so-called annihilation rescatterings. The
K*K~ amplitude receives contributions from the 7% 7~
amplitude with a rescattering factor of i3 4 12,
where r, and r,, respectively, correspond to annihilation
and total-annihilation rescatterting parameters [see Figs. 1(c),
1(d), and Egs. (8) and (10) of Ref. [54]]. This factor is
highly constrained by the B — K K~ rate and is found to
be 0.15 in magnitude and —144° in phase [54].
Consequently, the contribution to the K* K~ 77 rate from
7" o~ 70 rescattering is estimated to be 0.5 X 1076, which
is too small to account for the observed rate. Of course,
rescattering in three-body decays is not necessarily the
same as in two-body decays, but in general we do not
expect a sizable change from the above estimation.
Therefore, the unexpectedly large rate of B — Kt K~ 7
still remains unexplained.

VI. TWO-BODY B — VP AND B — SP DECAYS

So far we have considered the branching fraction prod-
ucts B(B — Rh;)B(R — hyh;) with the resonance R
being a vector meson or a scalar meson. Using the experi-
mental information on B(R — h,h3) [7],

B(K* — K*7~) = B(K** — K%")
= 2B(K** — K*7") = %
B(K:°(1430) — K+ 7)) = 2B(K;* (1430) — K 7°)
= %(0.93 +0.10),

B(p — K*K~) = 0.489 = 0.005, (6.1)

and applying the narrow-width approximation (3.13), one
can extract the branching fractions of B— VP and
B — SP. The results are summarized in Table IX.
Except for the channels p~K° from BABAR, ¢K°,
p’7m~ from Belle, and p°7° and p*#* from both
BABAR and Belle, all the experimental results are
obtained from the three-body Dalitz-plot analyses shown
in previous tables.

We see that except for the p7 and f;(980)K modes,
the naive factorization predictions for penguin-
dominated decays such as B— ¢K, K*m, K;(1430)7
are usually too small by a factor of 2-3 and further
suppressed for B — pK when confronted with experi-
ment. This calls for 1/m; power corrections to solve the
rate-deficit problem. Within the framework of QCD
factorization, we have considered two different types
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TABLE IX. Branching fractions (in units of 107°) 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 three-body
Dalitz-plot analyses given in previous tables. Theoretical uncertainties have been added in quadrature. QCDF predictions taken from

Ref. [36] for VP modes and from Ref. [51] for SP channels are shown here for comparison.

Decay mode BABAR Belle QCDF This work
dK~ 9.2 + 04151 9.6 + 0.9} 8.8728+47 58710
HK° 7.1 £0.6794 9.072% + 0.7 8.1728%44 53709
K07 10.8 + 0.6*12 9.7 +0.698 10.4713+43 3.670%
K07 330504 0419 x0.1 35704018 1.0*03
Kot 8.4 =08 8.4+ 1.17%3 9.211:9+37 31508
K~ a 82+15+ 11 6.7707%24 2.749¢
KK~ <I1.1 0.80+029+031 0.33790¢
p°K~ 3.56 = 0.4510.37 3.89 + 0.471048 3.5729%22 0.650%9
p°K? 44+07=03 6.1 = 1.05}4 5.4734+43 0.1703
e 6.6=0.5+0.8 15.1+34+24 8.6737774 24138
p KO 8.0714 = 0.6* 7.8783%73 1.5%33
plm 8.1+0.7+13 8.0133 +0.7* 8.71311] 6.7104
prmT 22.6 + 1.8 £2.2° 22,6 = 1.1 * 4.4° 251253514 17.8735
pOm° 1.4 +0.6 0.3 3.0x0.5 =07 L3550%0e 1007
fo(O80)K™: fo— 7™ 10.3 = 0.5724° 8.8 = 0.8702 A 6.6"1%5
fo(980)KY; fo — mtar™ 6.9+ 0.8+ 0.6 7.6 £ 1.7758 7.4105 43¢ 5913
fo(980)K™; fo — KK~ 9.4+ 1.6*28 <2.9 110730
f0(980)K'; fo — KK~ 7.0728 + 2.4 9.1%1
fo980)7 ™ fo — <L5 0.137 0083 00e¢ 0.20501
K0(1430)m 32.0 = 1.21108 51.6 = 1.7479 12.974¢ 18.3781
K;0(1430)7° 70205+ 1.1 5.672¢ 6.7433
K~ (1430)7" 29.9733 + 3.6 49.7 +3.878% 13.8442 16.7173

ke

“Not determined directly from the Dalitz-plot analysis of three—bodx decays.
)

"The BABAR measurement B(B~ — f;(980)K ; £,(980) — 7°

= 52.8 +0.6 =0.3) X 107° is not consistent with another

BABAR result, B(B~ — f((980)K~; f((980) — 7" 7~) = (10.3 = 0.5739) X 107°, in view of the fact that B(fo— 7 7 ) =

2B(f, — m'70).

“We have assumed B(f((980) — 7" 77~) = 0.50 for the QCDF calculation. _
dAnother BABAR measurement of B* — K~ a* 70 (see Table VI) leads to B(B® — K;;~(1430)7r*) = 27.8 = 2.5 + 3.3,

of power-correction effects in order to resolve the
CP puzzles and rate-deficit problems with penguin-
dominated two-body decays of B mesons and color-
suppressed tree-dominated 7°7° and p°7° modes:
penguin annihilation and soft corrections to the color-
suppressed tree amplitude [36]. However, the considera-
tion of these power corrections for three-body B decays
is beyond the scope of this work.

VIL. DIRECT CP ASYMMETRIES

A. Inclusive CP asymmetries

Experimental measurements of direct CP violation for
various charmless three-body B decays are collected in
Table I. We notice that CP asymmetries of the pair
7 7w 7 and K~ KK~ are of opposite signs, and like-
wise for the pair K~ 7" 7~ and 7~ K" K~. This can be
understood in terms of U-spin symmetry. In the limit of
U-spin symmetry, AS = 0 B~ decays can be related to the
AS = 1 one. For example,

AB =7 mtmT )=V, V, (m 7 7 |04B™)
+ Vi, Velm mt a7 |051B7),
AB™ = K K"K™) =V, V,(K"K"K~|0"|B™)
+ V5V (K KTK™|0¢|B™),
(7.1)

where the four-quark operator O, is for the b — s5q4,
transition and O, is for the b — dg,g, transition. The
assumption of U-spin symmetry implies that under
d < s transitions

(K"K*K~|0Y|B™) = (7~ m* 7~ |04B™),
(K"K*K~|0¢|B™) = (m~ 7t 7~ |0%|B™),

(7.2)

which can be checked from Egs. (2.4) and (3.1). Using the
relation for the Cabibbo-Kobayashi-Maskawa (CKM)
matrix [55]

Im(V;qudVCbV;kd) = —Im(V;quSVcb V;s)’ (7.3)
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it is straightforward to show that
[AB-— K KTK)|? —|A(B" - K"K K")|?
=|AB =7 w7 )P — |ABT — 7 a7~
(7.4)
Hence, U-spin symmetry leads to the relation [56]

_ApB T —amtaT) B — K KTK")

R, = = .
' Ap(B-— K KYK) B~ > am)
(7.5)
Likewise,
R, = AcpB-—= 7 K'K")  TI'B =K an"7)
2

T ApB oK mm) I(B -7 K'K)
(7.6)

The predicted signs of the ratios R; and R, are confirmed
by experiment.

What is the relative sign between A p(B~ —
7 K"K™) and Ap(B- — 7w a77)?  Applying
U-spin symmetry to two of the mesons in the final
states—one with positive charge and the other with nega-
tive charge—we obtain from Egs. (2.4) and (5.1) that

AB™ — 7 m 7h) =AB™ =7 K K)p 0

+AB™ — 7 K K, e
(1.7)

P1P2P3

where the subscript p, p, p; denotes the momentum of the
corresponding meson in order. Similarly,

AB™ =K K K")pp,p, =AB™ = K" 7 7"), 1,

+AB =K m 7)), s

(7.8)

The above two relations agree with Ref. [57]. Because of
the momentum dependence of decay amplitudes, the CP
rate difference in 7~ 7w~ 7" (K~ K" K~) cannot be related
to 7 K*YK~ (K- 7 7). Therefore, U-spin or flavor
SU(3) symmetry does not lead to any testable relations
between Acp(m K*K~) and A p(m wtm) and
between A p(K 7 7 ) and A p(K"K K™).

Although symmetry arguments alone do not give hints at
the relative sign of CP asymmetries in the pair of AS = 0
and AS = 1 decays, a realistic model calculation in the
framework of this work shows a positive relative sign.
When the unknown two-body matrix elements of
scalar densities (Kr|5¢g|0)—such as (K~ 7" |5d|0) and
(K7~ |5ul0), or (K #°|5ul0) and (K°#°|5d|0)—are
related to (K* K~ |55|0) via SU(3) symmetry, e.g.,

(K~ (p) 7 (p)I5dIO)NR = (K* (p1) K~ (py)|5s|O)NR

= fiR(s12), (7.9

PHYSICAL REVIEW D 88, 114014 (2013)

with the expression for fNR given in Eq. (3.11), we find
Acp(K-mtm)==37% and ApK'K 7 )=
13.1%. Hence, they are of the same sign as
Acp(K"KTK™) and Acp(m"am 7), respectively.
However, the naive predictions have incorrect signs when
confronted with the corresponding data, (3.3 = 1.0)% and
(—11.9 £ 4.1)%. That is, the data in Table I indicate that
CP asymmetries of the pair K- KTK~ and K~ 7w 7~ are
of similar magnitude but opposite in sign and likewise for
the pair 7~ K"K~ and 7~ 7w+ 7~ . They have the common
feature that when K K~ is replaced by 77" 77, the sign of
the CP asymmetry flips.

Recently, it has been conjectured that maybe the final
rescattering between 77~ and K* K~ in conjunction
with CPT invariance is responsible for the sign change
[56,58,59]. As was stressed in Ref. [60], the presence of
final-state interactions (FSIs) can have an interesting im-
pact on the direct CP violation phenomenology. Long-
distance final-state rescattering effects, in general, will
lead to a different pattern of CP violation, namely, “‘com-
pound” CP violation. Predictions of simple CP violation
are quite distinct from that of compound CP violation.
Moreover, the sign of CP asymmetry can be easily flipped
by long-distance rescattering effects [60]. A well-known
example is the direct CP violation in B° — K~ 77 ". In the
heavy-quark limit, the decay amplitudes of charmless two-
body decays of B mesons can be described in terms of
decay constants and form factors. However, the predicted
direct CP-violating asymmetries for B — K~ 7" and
BY — K* 7~ have different signs than those measured by
experiment [61]. This calls for the necessity of going
beyond the leading 1/m;, power expansion. Possible
1/m,, power corrections to QCD penguin amplitudes in-
clude long-distance charming penguins, final-state interac-
tions, and penguin annihilation. Because of possible
“double-counting” problems, one should not take into
account all power-correction effects simultaneously. It
has been shown explicitly in Ref. [60] that FSIs can ac-
count for the sign flip of CP asymmetry and the rate deficit
of B® — K~ 7. More precisely, the decays B° — D® D{"
followed by the final-state rescattering D™ _E*) — K 7t
will give a sizable and negative long-distance contribution
ALD. so that the net CP asymmetry Acp = AL +
ALD is negative for B’ — K~ 7" (for details, see
Ref. [60]). In the QCD factorization approach [32], a
sign flip can be caused by penguin annihilation parame-
trized in terms of two unknown parameters p,4 and ¢ 4.

It is known how to explicitly take into account the
constraints from the CPT theorem when computing
partial-rate asymmetries for inclusive decays at the
quark level [62,63] (for a review, see Ref. [64]).
However, the implication of the CPT theorem for CP
asymmetries at the hadron level in exclusive or semi-
inclusive reactions is more complicated and remains
mostly unclear [65].
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Taking the cue from the LHCb observation
of Acplma"m) = —Acp(m KTK) and
Acp(K-mtm™) = —Ap(KKTK™), it is conceivable
that final-state rescattering may play an important role for
direct CP violation. In the absence of a detailed model of
final-state interactions for the pair B~ — K~ 777~ and
7~ K" K™, we shall assume that FSIs amount to giving a
large strong phase & to the nonresonant component of the
matrix element of the scalar density (K~ 7" |5d|0),

(K™ (p)* (p)ISAION® = 2 (3Fg + 2F i)

+ onpe “re’®, (7.10)

Since CP violation arises from the interference between
tree and penguin amplitudes and since nonresonant
penguin contributions to the penguin-dominated decay
K 7"~ are governed by the matrix element
(K~ 7*|5d|0), it is plausible that a strong phase in
(K~ 7"|5d|0) induced from FSIs might flip the sign of
CP asymmetry. A fit to the data of K~ 7" 7~ yields

(K™ (p)) 7t (py)|5d|O)NR
m% — m?
S12 )
(7.11)

= %(3FNR + 2F§\IR) + (TNRE_OMIZE”T<1 +4

with the parameter o\ given in Eq. (3.18). It follows from
U-spin symmetry that

(K*(p)) 7 (p)lds|O)NR

2 2
~ §(3FNR +2F,) + O-NRe—aslzem(l _ 4u)’
S12

(7.12)

which will be used to describe B— KK decays. Note
that we have implicitly assumed that power corrections
will not affect CP violation in 7" 7~ 77~ and K" K~ K~

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 af’ listed in Eq. (2.3),
the Breit-Wigner formalism for resonances, and the pen-
guin matrix elements of scalar densities. Since direct CP
violation in charmless two-body B decays can be signifi-
cantly affected by final-state rescattering [60], 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.

The calculated inclusive CP asymmetries (8.7717)% for
7t m a and (—7.1734)% for K"K~ K~ (see Table X)
are consistent with LHC measurements in both sign and
magnitude (see Table I). As noted in passing, if we set 6 =
0 in Eq. (7.10) so that (K* 7~ |ds|0) = (K K~ |5s|0), the
predicted CP violation Acp(K- 7t 7)) = (—=3.8512)%
will have the wrong sign. If a strong phase J is allowed

PHYSICAL REVIEW D 88, 114014 (2013)

TABLE X. Direct CP asymmetries (in %) for various charm-
less three-body B decays. Experimental results are taken from
Ref. [4] and Refs. [1,2]. The mass regions for local CP asym-
metries are specified in Egs. (1.1), (1.2), (1.3), and (1.4).

Final state Theory Experiment
K*K K~ —7.1139+ 19404 -3.7*10
(K*K~ K™ ) region —17.7138129+03 —22.6 £2.2
K'K 7 —10.0%15+14+01 —12.4 + 45
(K"K~ )region —18.2107 1704 —64.8 + 7.2
K mta 275030100 33 1.0
(K™ 7" 7 )region 14,1702 +139+04 67.8 = 8.5
ata 8.7+93118+00 10.3 +2.5
("7 T ) segion 22.5%03723+01 58.4 8.7
KK Ks =550 0603 0

KsKsKs 0.74 301000+ 001 17 + 18
K™ KgKs 3510003 01 4*¢
K*K~ —9.2 3330700

KsK* 7~ 18733733750

RO OSSR 1=
Ko ! 06487808

mt —LATG 03160

due to some power corrections such as FSIs, we obtain
Acp(K- 7t 77) = (2.6758)% provided that the modified
matrix element Eq. (7.11) is applied. Using Eq. (7.12),
which follows from Eq. (7.11) via U-spin symmetry, we
then predict Acp(K*K~ 7~ ) = (—13.4%12)%, in agree-
ment with experiment.

Besides direct CP violation in the KTK K~,
K"K 7, Ko7, and m~ @7~ modes, we have
calculated CP-violating asymmetries in other three-
body B decays, as summarized in Table X. It is expected
that B — K"K*#7%and K"K~ Ky can have sizable
asymmetries.

B. Regional CP asymmetries

Large local CP asymmetries in three-body charged B
decays have been observed by LHCb in the low-mass
regions specified in Egs. (1.1), (1.2), (1.3), and (1.4)
[1-3]. If intermediate resonant states are not associated
in these low-mass regions, it is natural to expect that the
Dalitz plot is governed by nonresonant contributions.
In this case direct CP violation arises solely from the
interference of tree and penguin nonresonant amplitudes.
For example, in the absence of resonances, CP
asymmetry in B~ — K~ 77~ stems mainly from the
interference of the nonresonant tree amplitude
(a7~ |(ab)y_4|B~ XK~ |(5u)y_,]0) and the nonresonant
penguin amplitude (7~ |db|B~ YK~ 7*|5d|0). The results
of the calculated local CP asymmetries are shown in
Table XI. It is evident that except for the mode
K*K~ 7~ regional CP violation is indeed dominated by
the nonresonant background.
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TABLE XI. Predicted direct CP asymmetries (in %) due to nonresonant contributions to
various charmless three-body charged B decays. The mass regions for local CP asymmetries are
specified in Egs. (1.1), (1.2), (1.3), and (1.4). LHCb measurements [1-3] are shown for

PHYSICAL REVIEW D 88, 114014 (2013)

comparison.

Tt K mtm K"K @~ K*K K~
(A STARTEST 4901005750, —25.815513840 —13.2439733103
(ﬂrcelgai"“)expl 58.4 = 8.7 67.8 = 8.5 —64.8 +7.2 —22.6 £2.2

A realistic and straightforward calculation of regional
CP asymmetries in our model yields the results shown in
Table X. We see in this table that while regional CP
violation of K™K~ K~ agrees with experiment within er-
rors, the predicted local asymmetries of order —19%, 20%,
and23% for K"K~ 7, K~ w o~ ,and w" 7~ 7, respec-
tively, are indeed greatly enhanced with respect to the
inclusive ones, though they are still significantly below
the corresponding data of order —65%, 68%, and 58%.
The reader may wonder why the realistic calculation yields
results different from the naive expectation. We will come
to this point later.

It has been claimed recently that the observed large
localized CP violation in B~ — 7t 7~ 7~ may result
from the interference of a light scalar meson f,(500) and
the vector p°(770) resonance [56,66], even though the
latter resonance is not covered in the low-mass region
m?- . <0.4 GeV2. Let us first consider the vector-
meson resonance p’in B~ — 7" 7~ 7~ decay. As pointed
out in Sec. IT A, the calculated B(B~ — p°7~) = (6.8 =
0.4) X 107® is consistent with the world average
(8.3713) X 107 [4] within errors. Its CP asymmetry is
found to be A cp(p°7~) = 0.059F5913. At first sight, this
seems to be in agreement in sign with the BABAR mea-
surement 0.18 = 0.07*592 [8]. However, theoretical pre-
dictions based on QCDF, pQCD, and soft-collinear
effective theory all lead to a negative CP asymmetry for
B¥ — p°7* (see Table XIII of Ref. [36]). As was shown
explicitly in Table IV of Ref. [36], within the framework of
QCDF the inclusion of 1/m,; power corrections to penguin
annihilation is responsible for the sign flip of A ¢p(p’7™)
to the right one. The consideration of power corrections is
however beyond the scope of this work based on a simple
factorization approach.

As for the scalar resonance f,(500), if we assume the
form factor FB7(0) = 0.25 and take the mixing angle
6 = 20° in Eq. (3.16), we find the branching fraction of
B~ — f,(500)7~ to be order of 2.6 X 107°, but its CP
violation is very small, of order —1%. In our model cal-
culation, we find that the local asymmetry due to p°(770)
and f((500) resonances is (AGp™"),+, = —0.02. Of
course, the magnitude and even the sign might get modified
if the model is improved to yield a negative CP violation
for B¥ — p7™, as discussed above.

Even the low-mass region m2- -, = < 0.4 GeV? is be-

low the resonance p°(770), we find in our calculation that

p°(770) makes sizable contributions to the rate and CP
violation of 77~ 7+ 7r~. Indeed, the fraction of nonresonant
contribution to the total rate is found to be only 10%.
Therefore, a reliable estimate of CP violation in the local
regions of the Dalitz plot needs to take into account the
effects of nearby resonances. As remarked before, our
simple factorization model perhaps does not produce the
“right” CP asymmetry of B~ — p’#r~; this may explain
why our prediction of A 5" for w7~ o~ is below the
LHCb measurement.

For the decay B~ — K"K~ 7, the resonance f,(980)
is in the low-mass region m%. . < 1.5 GeV?, but it is not
clear if the intermediate states K*(892) and K;;(1430) are
excluded. As a result, it is not surprising that the measured
(and also the calculated) local asymmetry in this mode is
very different from the one arising solely from the non-
resonant contribution.

C. Comments on other works

CP violation in three-body decays of the charged B
meson has been investigated in Refs. [56,59,66-68]. The
authors of Refs. [56,66] considered the possibility of hav-
ing a large local CP violationin B~ — 7" 77~ 71~ resulting
from the interference of the resonances f,(500) and
p°(770). A similar mechanism has been applied to the
decay B~ — K~ 7" 7~ [68]. Studies of flavor SU(3) sym-
metry imposed on the nonresonant decay amplitudes and
its implication on CP violation were elaborated on in
Ref. [67]. In our work, we have taken into account both
resonant and nonresonant amplitudes simultaneously and
worked out their contributions to branching fractions and
CP violation in detail. We found that even in the absence of
the f,(500) resonance, local CP asymmetry in 7" 7~ 7~
can already reach the level of 23% due to nonresonant and
other resonant contributions. Moreover, the regional asym-
metry induced solely by the nonresonant component can be
as large as 57% in our calculation.

The strong coupling between the K™K~ and 7t 7~
channels was studied in Ref. [59] to explain the observed
asymmetries in B~ — K K"K~ and B~ - K #@wt7w .
Just as with the example of B — K~ 77t —whose CP
violation is originally predicted to have the wrong sign in
naive factorization and gets a correct sign after power
corrections, such as final-state interactions or penguin
annihilation, are taken into account—it will be very
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interesting to see an explicit demonstration of the sign flip
of Acp(K- a7~ ) and A p(m~ K K~) when the final-
state rescattering of 77 < KK is turned on.

VIII. CONCLUSIONS

We have presented in this work a study of charmless
three-body decays of B mesons within the framework of a
simple model based on the factorization approach. Our
main results are as follows.

(i) Dominant nonresonant contributions to tree-
dominated three-body decays arise from the b — u
tree transition which can be evaluated using
heavy-meson chiral perturbation theory valid in the
soft-meson limit. The momentum dependence of
nonresonant b — u transition amplitudes is parame-
trized in an exponential form e~ Ps (PiTP) 5o that
the HMChPT results are recovered in the soft-meson
limit p;, p; — 0. The parameter ayy is fixed by the
measured nonresonant rate in B~ — 7w 7 7.

(i) A unique feature of hadronic B — KKK decays is
that they are predominated by the nonresonant
contributions with a nonresonant fraction of
order (70-90)%. It follows that nonresonant con-
tributions to the penguin-dominated modes should
also be dominated by the penguin mechanism.
Hence, nonresonant signals must come mainly
from the penguin amplitude governed by the ma-
trix element of scalar densities (M;M,|G,q|0).
We used the measurements of B — K KK
to constrain the nonresonant component of
(KK|5s|0).

(iii)) The branching fraction of nonresonant contribu-
tions is of order (15-20) X 107° in penguin-
dominated decays B~ - K"K K~, K owt#@™,
and of order (3-5) X 107°® in tree-dominated
decays B~ — 7t 7 7, K" K~ 7. The nonreso-
nant fraction is predicted to be around 60% in
B — KK decays.

(iv) The intermediate vector-meson contributions to
three-body decays are identified through the vector
current, while the scalar-meson resonances are
mainly associated with the scalar density. Both
scalar and vector resonances can contribute to the
three-body matrix element (P, P,|/,|B).

(v) The 77 7~ 7% mode is predicted to have a rate larger
than 7" 7~ 7~ even though the former involves a
7 and has no identical particles in the final state.
This is because while the latter is dominated by the
p pole, the former receives p~ and p° resonant
contributions.

(vi) We have made predictions for the resonant and
nonresonant contributions to BY— 7t 70,
K770, KgK* 7™, and B~ — K7~ 7",
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(vii) We emphasize that the seemingly huge difference

between BABAR and Belle for the nonresonant con-
tributionsto B~ —K 7 7~ and B°— K~ 7t 7 is
now relieved when the nonresonant part of the
LASS parametrization adapted by BABAR for the
description of the K 7 S-wave is added coherently to
the phase-space nonresonant piece.

(viii) The surprisingly large rate of B — K"K~ 7°

observed by Belle is bigger than the naive expec-
tation by two orders of magnitude. It implies that
this mode should be dominated by long-distance
contributions. It may arise from the decay B —
a0 followed by the final-state rescattering
of wt 7~ into K*K~. However, an estimation
based on the two-body FSI model shows that
B(B° — K"K~ 7Y can be enhanced via final-
state rescattering only up to the level of 0.5 X
1075, Therefore, the unexpectedly large rate of
B® — KK~ 70 still remains unexplained.

(ix) Based on the factorization approach, we have

computed the resonant contributions to three-body
decays and determined the rates for the quasi-two-
body decays B — VP and B — SP. The predicted
p, fo(980)K, and f;(980)7 rates are consistent
with experiment, while the calculated ¢K, K* 7,
pK, and K;;(1430)7r are too small compared to the
data.

(x) While the calculated direct CP asymmetries for the

K*K K™ and 7wt 7~ 7~ modes are in good agree-
ment with experiment in both magnitude and sign,
the predicted CP asymmetries in B~ — 7 KTK~
and B~ — K~ 7" 7~ have the wrong signs when
confronted with experiment. It has been conjectured
recently that a possible resolution to this CP puzzle
relies on final-state rescattering of 7*#7~ and
K*K~. Assuming a large strong phase associated
with (K|5¢|0) arising from some sort of power
corrections, we fit it to the data of K~ 7" 7~ and
get correct signs for both the 7 K"K~ and
K~ 7"~ modes. We predict some testable CP
violation in B — K"K~ 7" and K" K™ K.

(xi) In this work there are three sources of strong

phases: effective Wilson coefficients, propagators
of resonances, and the matrix element of the scalar
density (M, M,|g,¢,|0).

(xii) In the low-mass regions devoid of the known

resonances, direct CP violation is naively expected
to be dominated by nonresonant contributions.
We found that—except for the K* K~ 7~ mode
where resonances are not excluded in the local
region—partial-rate asymmetries due to the nonre-
sonant background are fairly close to the LHCb
measurements. However, realistic model calculations
show that resonances near the localized region can
make sizable contribution to the total rates and
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asymmetries. At any rate, we have shown that the
regional CP violation is indeed largely enhanced
with respect to the inclusive one, though it is still
significantly below the data.
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APPENDIX A: INPUT PARAMETERS

Many of the input parameters for the decay constants of
pseudoscalar and vector mesons and form factors for
B — P, V transitions can be found in Ref. [36] where
uncertainties in form factors are shown. The reader is
referred to Ref. [51] for decay constants and form factors
related to scalar mesons.

For the CKM matrix elements, we use the updated
Wolfenstein parameters A = 0.823, A = 0.22457, p =
0.1289, and 7 = 0.348 [69]. The corresponding CKM
angles are sin2f = 0.689 * 0.019 and y = (69.7%13)°
[69]. For the running quark masses we shall use [7,70]

|
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my(m;) = 4.2 GeV,
m(1 GeV) = 6.34 GeV,
m.(2.1 GeV) = 1.06 GeV,
m (2.1 GeV) = 95 MeV,
my4(2.1 GeV) = 5.0 MeV,

m,(2.1 GeV) = 4.94 GeV,
m.(my) = 0.91 GeV,
my(1 GeV) = 1.32 GeV,

my(1 GeV) = 118 MeV,

m,(2.1 GeV) = 2.2 MeV.
(AD)

Among the quarks, the strange quark gives the major
theoretical uncertainty to the decay amplitude. Hence, we
will only consider the uncertainty in the strange-quark
mass given by m (2.1 GeV) = 95 = 5 MeV.

APPENDIX B: DECAY AMPLITUDES
OF B — PPP DECAYS

Most of the factorizable decay amplitudes of AS =0
and AS = 1 three-body decays of B mesons are already
collected in Appendix A of Ref. [31]. In this work, we have
shown the factorizable decay amplitudes of B~ —
K'K K, K Ktw~, K@t , and w7~ 7~ for the
purpose of discussion and for corrections. In the following
we write down the factorizable amplitudes of B~ —
K 77% and B —» KK 7%, K"K~ 7°:

(K=a070T,|B™) = (a 70l(@b)y 4| B XK~ |(5u)y - 410) a1 8, + af + afy — (ag + ag)ry]

(K N5y AlBE @y Al0) 028, +5 (a7 + )|

+H(KTNGD)y Al B~ X 70l (iau)y—410)[ a8, + a3 + as + a7 + ay]

KNy ol BN 7@y AlO)] a5+ a5 =30+ )|

1
+ <K_|(§b)v—A|B_><7TO7TO|(§S)V—A|O>[a3 +al +as—=(a; +aq+ a?o)]

2

+(K™15b|B~ X7 7015510} (—2af + af) + (7°|(iib)y 4| B~ XK~ 7°|(5u)y_4l0)(af + aly)
+(mlab|B~ XK~ 7°|5ul0)(—2af —2aL) + (K~ 77| (5u)y 410001 (iib)y B~ Ma; 8 ,, + al + aly)

+ (K~ 7 7°5(1 + y5)ul0)Oliysb|B~)(2ak +2al),

(BI)

0 ) ) _
(K K™ a*|T,|B®) = (K" K°|(itb)y_4|B*) 7~ [(du)y_al0)a; 6, + af + aly — (af + af)r7]

+ <77'+ |(’/_‘b)V—A |EO><K7KO|(C?M)V—A|O>(Q1 0

P4 P
pu +ay +aj)

- . 1 1
(Kt |<sb>H|B°><K°|<ds>v,A|o>[af: — - (ag - _ag)rf]

2

- (ROIGb)y | BONK* 7 |(3S)V,A|o>(a5; - 1a1;0) + (a* |ab| BOYK~ K°|dul0)(—2a’ — 2al)

2

o _ 0 _ _
+ <K0|§b|BO>(K+7T_|ds|0>(—2ag +af) +(K K+7T—|(ﬁu)V_A|O><O|(db)V_A|BO>(a28pM + a5 + as

(=)0 _ - - _
+ar+ay) + (K K== 1d(1 + y3)dl0)0ldysb| B 2af — af),

(B2)
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ot as+as+a; + ay)

+ (7°1db|B*XK " K~ |dd|0)(—2al + af)

Nyl BNKKIG5)y-l0) as + a5 =3 a7 + a)]

+ (KT K~ 70 (i) y—410)01(db)y 4| B°) (a2 8, + al + aly)

+ (K"K~ 7°|dysd|0)0ldysb|B°)(2al — af).

(B3)
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