
Charmless three-body decays of Bs mesons

Hai-Yang Cheng1 and Chun-Khiang Chua2
1Institute of Physics, Academia Sinica, Taipei, Taiwan 115, Republic of China

2Department of Physics and Center for High Energy Physics, Chung Yuan Christian University,
Chung-Li, Taiwan 320, Republic of China

(Received 23 January 2014; published 9 April 2014)

Branching fractions and CP-violating asymmetries of charmless B̄0
s → PPP decays with P ¼ K, π are

studied using a simple model based on the factorization approach. The penguin-dominated modes B̄0
s →

K̄0Kþπ− and K0K−πþ have the largest rates among the three-body Bs decays, and they are dominated by
the K�

0ð1430Þ resonances and nonresonant contributions. The branching fraction of B̄0
s → K0KþK− is

predicted to be of order 1.4 × 10−6, which is in the middle of the measured result ð0.2–3.4Þ × 10−6 obtained
by LHCb. We find sizable CP violation in K0πþπ−, K0π0π0, K0KþK−, and KSKSKS channels. Just as the
Bu sector, the CP asymmetries of B̄0

s → K0πþπ− and B̄0
s → K0KþK− have similar magnitudes but are

opposite in sign. Several model-independent relations based on U-spin symmetry for CP asymmetries are
derived. Although they cannot be tested by the present available data, they can be checked by the dynamical
calculations. Since the U-spin symmetry that relates various matrix elements of scalar densities, for
example, hK0Kjd̄qj0i and hK̄0πjs̄qj0i, is badly broken, the derived U-spin relations are generally not well
respected.
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I. INTRODUCTION

Recently LHCb has made the first observation of
charmless three-body decays of the B0

s meson with a K0
S

meson in the final state [1]. Specifically, LHCb has
obtained the following branching fractions:

BðB0
s → K0

ð−Þ
K�π∓Þ ¼ ð73.6� 5.7� 6.9� 3.0Þ × 10−6;

BðB0
s → K̄0πþπ−Þ ¼ ð14.3� 2.8� 1.8� 0.6Þ × 10−6;

BðB0
s → K̄0KþK−Þ ∈ ½0.2; 3.4� × 10−6: (1.1)

The first observation of the decay modes Bs → KSπ
þπ−

and Bs → KSK�π∓ is an important step at the LHCb
toward extracting information on the mixing-induced CP-
violating phase in the B0

s system and the weak phase γ from
these decays.
In the charged B meson sector, LHCb recently found

evidence of direct CP violation in charmless three-body
decays: Bþ → πþπþπ−, Bþ → KþKþK−, and Bþ →
KþK−πþ [2,3]. Moreover, LHCb has also observed large
asymmetries in some localized regions of phase space. For
example, the regional CP asymmetry in Bþ → πþπþπ− is
of order 58% for m2

π−π−low < 0.4 GeV2 and m2
πþπ−high >

15 GeV2. Hence, significant signatures of CP violation
were found in the low mass regions devoid of most of the
known resonances. LHCb also discovered interesting
correlations of the CP violation between the decays,
namely,

ACPðB− → π−KþK−Þ ≈ −ACPðB− → π−πþπ−Þ;
ACPðB− → K−πþπ−Þ ≈ −ACPðB− → K−KþK−Þ: (1.2)

It will be interesting to see if the same pattern of CP
violation occurs in B0

s meson decays.
Contrary to Bu and Bd mesons, for three-body Bs decays,

the b → sqq̄ penguin transitions contribute to the final
states with an even number of kaons, namely, KKπ, while
the b → uqq̄ tree and b → dqq̄ penguin transitions con-
tribute to final states with an odd number of kaons, e.g.,
Kππ and KKK. If the final-state pseudoscalar meson is
restricted to be a kaon or a pion, then the allowed penguin-
dominated three-body decays are B̄0

s → K0K−πþ,
K̄0Kþπ−, KþK−π0, and K0K̄0π0. Therefore, it is expected
that the first two modes have the largest rates among three-
body Bs decays. Tree-dominated decays are B̄0

s →
Kþπ−π0, K0πþπ−, K0π0π0, and B̄0

s → KþK−K0, K̄0K0K0.
This work is organized as follows. We outline the

framework in Sec. II for the evaluation of the resonant
and nonresonant contributions to three-body decays. Before
proceeding to the numerical results, we discuss in Sec. III
somemodel-independent flavor symmetry relations inwhich
some of the Bs → PPP decays can be related to the Bd →
PPP ones by U-spin symmetry. The calculated branching
fractions and CP violation are presented in Sec. IV.
Conclusions are given in Sec. V. Factorizable amplitudes
of various B̄0

s → PPP decays are shown in the Appendix.

II. FRAMEWORK

The evaluation of three-body decays of Bu;d mesons has
been studied in detail in [4]. We shall follow the same
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framework based on the factorization approach to discuss
the charmless three-body decays of the Bs meson. Here we
shall recapitulate the main points.
Three-body decays of heavy mesons receive both res-

onant and nonresonant contributions. Consider the charm-
less three-body Bs decay B̄0

s → P1P2P3. Under the
factorization hypothesis, its decay amplitude consists of
three distinct factorizable terms: (i) the current-induced
process with a meson emission, hB̄0

s → P1P2i × h0 → P3i,
(ii) the transition process, hB̄0

s → P3i × h0 → P1P2i, and
(iii) the annihilation process, hB̄0

s → 0i × h0 → P1P2P3i,
where hA → Bi denotes a A → B transition matrix element.

A. Nonresonant contributions

Dominant nonresonant contributions to tree-dominated
three-body decays arise from the b → u tree transition

hB̄0
s → P1P2i × h0 → P3i, which can be evaluated using

heavy meson chiral perturbation theory (HMChPT) [5].
Take the decay B̄0

s → K0K−πþ as an example for illus-
tration. Its factorizable amplitude is given in Eq. (A1). We
first focus on nonresonant contributions. The b → u
transition amplitude evaluated using HMChPT reads [5]

AHMChPT
current-ind ≡ hπþðp2ÞK0ðp3ÞjðūbÞV−AjB̄0

siNR
× hK−ðp1Þjðs̄uÞV−Aj0i

¼ −
fK
2
½2m2

1rþ ðm2
Bs
− s23 −m2

1Þωþ

þ ðs12 − s13 −m2
2 þm2

3Þω−�; (2.1)

with the form factors

ωþ ¼ −
g
f2π

fB�mB�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimBs

mB�
p

s12 −m2
B�

�
1 −

ðpBs
− p3Þ · p3

m2
B�

�
þ fBs

2f2π
;

ω− ¼ g
f2π

fB�mB�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffimBs

mB�
p

s12 −m2
B�

�
1þ ðpBs

− p3Þ · p3

m2
B�

�
;

r ¼ fBs

2f2π
−
fBs

f2π

pBs
· ðp2 − p3Þ

ðpBs
− p2 − p3Þ2 −m2

Bs

þ 2gfB�

f2π

ffiffiffiffiffiffiffiffi
mBs

mB�

r ðpBs
− p3Þ · p3

s12 −m2
B�

−
4g2fBs

f2π

mBs
mB�

ðpBs
− p2 − p3Þ2 −m2

Bs

p3 · p2 − p3 · ðpBs
− p3Þp2 · ðpBs

− p3Þ=m2
B�

s12 −m2
B�

; (2.2)

where sij ≡ ðpi þ pjÞ2. Likewise,

hKþðp1Þπ−ðp2Þjðd̄bÞV−AjB̄0
siNRhK̄0ðp3Þjðs̄dÞV−Aj0i

¼ −
fK
2
½2m2

3r
0 þ ðm2

Bs
− s12 −m2

3Þω0þ

þ ðs23 − s13 −m2
2 þm2

1Þω0
−� (2.3)

for the decay B̄0
s → K̄0Kþπ−, where the form factors ω0

�
and r0 are obtained from ω� and r, respectively, with the
replacement p1 ↔ p3.
However, the predicted nonresonant rates due to the B →

P1P2 transition alone already exceed the measured total
branching fractions for the tree-dominated modes, e.g.,
B̄0
d → π−πþπ−, B̄0

d → π−KþK−, and B̄0
s → K0πþπ−. For

example, the nonresonant branching fraction of the last
decay channel estimated using HMChPT is found to be of
order 32 × 10−6, which is even larger than the total
branching fraction of order 14 × 10−6 [see Eq. (1.1)].
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 [6] to parametrize the

momentum dependence of nonresonant amplitudes induced
by the b → u transition in an exponential form

Acurrent-ind ¼ AHMChPT
current-inde

−αNRpB·ðp1þp2Þeiϕ12 ; (2.4)

so that the HMChPT results are recovered in the soft
pseudoscalar meson limit. The parameter αNR ¼
0.081þ0.015

−0.009 GeV−2 [4] is fixed by the measured nonreso-
nant rate in the tree-dominated decay B− → πþπ−π−,
where the nonresonant background due to the penguin
diagram is suppressed by the smallness of penguin Wilson
coefficients.
The other two types of nonresonant contributions to

B̄0
s → K0K−πþ are

hπþðp1ÞK−ðp2Þjðs̄dÞV−Aj0iNRhK0ðp3Þjðd̄bÞV−AjB̄0
si

¼ FKπ
1 ðs12ÞFBsK

1 ðs12Þ
�
s23 − s13 −

ðm2
Bs
−m2

πÞðm2
K −m2

πÞ
s12

�

þ FKπ
0 ðs12ÞFBsK

0 ðs12Þ
ðm2

Bs
−m2

πÞðm2
K −m2

πÞ
s12

(2.5)

and
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hπþðp1ÞK−ðp2Þjs̄dj0iNRhK0ðp3Þjd̄bjB̄0
si

¼ m2
Bs
−m2

K

mb −md
FBsK
0 ðs12Þhπþðp1ÞK−ðp2Þjs̄dj0iNR: (2.6)

As stressed in [4,6], the matrix element of scalar densities
hM1M2jq̄1q2j0i must have a large nonresonant component
in order to explain the large nonresonant signals observed
in penguin-dominated three-body B decays. In other words,
nonresonant contributions to penguin-dominated three-
body B decays are also penguin dominated. From the
study of Bu;d → KKK decays, it was found that [4]

hK−ðp1ÞKþðp2Þjs̄sj0i ¼
v
3
ð3FNR þ 2F0

NRÞ þ σNRe−αs12 ;

(2.7)

where the parameters v, FNR, F0
NR, and σNR are defined in

[4] and α ¼ ð0.14� 0.02Þ GeV−2. However, if SU(3)
symmetry is applied to the matrix element of
scalar densities so that hK−ðp1Þπþðp2Þjs̄dj0iNR ¼
hK−ðp1ÞKþðp2Þjs̄sj0iNR, we found in [4] that the predicted
ACPðB− → π−KþK−Þ and ACPðB− → K−πþπ−Þ have

wrong signs when confronted with experiment. The corre-
lations of the CP violation between the charged B decays
shown in Eq. (1.2) have led to the conjecture that πþπ− ↔
KþK− rescattering may play an important role in the
generation of the strong phase difference needed for such
a violation to occur. It is thus plausible that a strong phase
in hK−πþjs̄dj0i induced from final-state interactions might
flip the sign of CP asymmetry. A fit to the data of B̄0

d →
K−πþπ− yields [4]

hK−ðp1Þπþðp2Þjs̄dj0iNR

≈
v
3
ð3FNR þ 2F0

NRÞ þ σNRe−αs12eiπ
�
1þ 4

m2
K −m2

π

s12

�
;

(2.8)

with a strong phase of order 180°.

B. Resonant contributions

Resonant effects are commonly described in terms of the
usual Breit-Wigner formalism. Contributions of vector
meson and scalar resonances to the three-body and two-
body matrix elements are given by [4]

hπþðp1ÞK−ðp2Þjðs̄bÞV−AjB̄0iR ¼
X
i

gK
�
i→K−πþ

s12 −m2
K�

i
þ imK�

i
ΓK�

i

X
pol

ε� · ðp1 − p2ÞhK̄�0
i jðs̄bÞV−AjB̄0i

−
gK

�
0
→K−πþ

s12 −m2
K�

0
þ imK�

0
ΓK�

0

hK̄�0
0 jðs̄bÞV−AjB̄0i;

hπþðp1ÞK−ðp2Þjðs̄dÞV−Aj0iR ¼
X
i

gK
�
i→K−πþ

s12 −m2
K�

i
þ imK�

i
ΓK�

i

X
pol

ε� · ðp1 − p2ÞhK̄�0
i jðs̄dÞV−Aj0i

−
fK�

0
gK

�
0
→K−πþ

s12 −m2
K�

0
þ imK�

0
ΓK�

0

ðp1 þ p2Þμ;

hπþðp1ÞK−ðp2Þjs̄dj0iR ¼ −
mK�

0
f̄K�

0
gK

�
0
→K−πþ

s12 −m2
K�

0
þ imK�

0
ΓK�

0

; (2.9)

with K�
i ¼ K�ð892Þ; K�ð1410Þ; K�ð1680Þ;…, and K�

0 ¼
K�

0ð1430Þ. In the above equations we have two different
types of decay constants for the scale meson K�

0 defined by
hK�

0js̄dj0i ¼ f̄K�
0
mK�

0
and hK�

0ðpÞjs̄γμdj0i ¼ fK�
0
pμ. They

are related via

f̄K�
0
¼ mK�

0

msðμÞ −mdðμÞ
fK�

0
: (2.10)

Their values are given in [7].

III. U-SPIN SYMMETRY

Before proceeding to the numerical results in the
next section, here we would like to discuss some

model-independent flavor symmetry relations in which
some of the Bs → PPP decays can be related to Bd →
PPP ones via U-spin symmetry. Hence these relations can
be used to cross-check the dynamical calculations. As an
example, the decay amplitudes of B̄0

s → K0πþπ− and B̄0
d →

K̄0KþK− can be related to each other in the limit of U-spin
symmetry:

AðB̄0
s → K0πþπ−Þ ¼ V�

ubVudhK0πþπ−jOu
djB̄0

si
þ V�

cbVcdhK0πþπ−jOc
djB̄0

si;
AðB̄0

d → K̄0KþK−Þ ¼ V�
ubVushK̄0KþK−jOu

s jB̄0
di

þ V�
cbVcshK̄0KþK−jOc

s jB̄0
di; (3.1)
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where the four-quark operator Os is for the b → sq1q̄2
transition and Od for the b → dq1q̄2 transition. The
assumption of U-spin symmetry implies that under
d ↔ s transitions

hK̄0KþK−jOu
s jB̄0

di ¼ hK0πþπ−jOu
djB̄0

si;
hK̄0KþK−jOc

s jB̄0
di ¼ hK0πþπ−jOc

djB̄0
si; (3.2)

which can be checked from Eq. (A4) for B̄0
s → K0πþπ− and

Eq. (A4) of [6] for B̄0
d → K̄0KþK−. Using the relation for

the Cabibbo-Kobayashi-Maskawa matrix [8]

ImðV�
ubVudVcbV�

cdÞ ¼ −ImðV�
ubVusVcbV�

csÞ; (3.3)

it is straightforward to show that

jAðB̄0
d → K̄0KþK−Þj2 − jAðB0

d → K0K−KþÞj2
¼ jAðB̄0

s → K0πþπ−Þj2 − jAðB0
s → K̄0π−πþÞj2: (3.4)

Hence, U-spin symmetry leads to the relation

ACPðB̄0
s → K0πþπ−Þ

ACPðB̄0
d → K̄0KþK−Þ ¼ −

ΓðB̄0
d → K̄0KþK−Þ

ΓðB̄0
s → K0πþπ−Þ : (3.5)

Therefore, we have the following U-spin symmetry
relations [9]:

ACPðB̄0
s → K0K−πþÞ ¼ −ACPðB̄0

d → K̄0Kþπ−Þ

×
BðB̄0

d → K̄0Kþπ−Þ
BðB̄0

s → K0K−πþÞ
τðB0

sÞ
τðB0

dÞ
;

ACPðB̄0
s → K̄0Kþπ−Þ ¼ −ACPðB̄0

d → K0K−πþÞ

×
BðB̄0

d → K0K−πþÞ
BðB̄0

s → K̄0Kþπ−Þ
τðB0

sÞ
τðB0

dÞ
;

ACPðB̄0
s → K0πþπ−Þ ¼ −ACPðB̄0

d → K̄0KþK−Þ

×
BðB̄0

d → K̄0KþK−Þ
BðB̄0

s → K0πþπ−Þ
τðB0

sÞ
τðB0

dÞ
;

ACPðB̄0
s → K0KþK−Þ ¼ −ACPðB̄0

d → K̄0πþπ−Þ

×
BðB̄0

d → K̄0πþπ−Þ
BðB̄0

s → K0KþK−Þ
τðB0

sÞ
τðB0

dÞ
;

ACPðB̄0
s → K0K0K̄0Þ ¼ −ACPðB̄0

d → K̄0K̄0K0Þ

×
BðB̄0

d → K̄0K̄0K0Þ
BðB̄0

s → K0K0K̄0Þ
τðB0

sÞ
τðB0

dÞ
:

(3.6)

Unlike theU-spin relation in two-body decays, namely [10],

ACPðB̄0
s → Kþπ−Þ ¼ −ACPðB̄0

d → K−πþÞ

×
BðB̄0

d → K−πþÞ
BðB̄0

s → Kþπ−Þ
τðB0

sÞ
τðB0

dÞ
; (3.7)

which has been well tested with the recent LHCb meas-
urement of CP violation in B̄0

s → Kþπ− [11], the relations
in Eq. (3.6) cannot be checked by the present available
data. Nevertheless, they can be tested by our dynamical
calculations as shown below.

TABLE I. Branching fractions (in units of 10−6) and direct CP asymmetries (in %) in B̄0
s → PPP decays. Experimental results

of branching fractions are taken from [1]. Theoretical errors correspond to the uncertainties in (i) αNR, (ii) F
BsK
0 , σNR and msðμÞ ¼

ð90� 20Þ MeV at μ ¼ 2.1 GeV, and (iii) γ ¼ ð69:7þ1.3
−2.8 Þ°.

Modes Btheory Bexpt ACP (%)

K̄0Kþπ− 35.3þ0.3þ15.7þ0.0
−0.2−9.8−0.0 −1.9þ0.1þ0.1þ0.0

−0.1−0.1−0.0
K0K−πþ 36.7þ0.2þ14.9þ0.1

−0.2−9.0−0.1 4.6þ0.3þ1.1þ0.1
−0.3−1.1−0.1

K0
ð−Þ

K∓π� 72.0þ0.4þ21.6þ0.1
−0.2−13.3−0.1 73.6� 5.7� 6.9� 3.0

KþK−π0 19.1þ0.0þ7.5þ0.0
−0.0−4.5−0.0 3.3þ0.0þ1.4þ0.0

−0.0−1.5−0.1
K0K̄0π0 20.3þ0.3þ8.7þ0.0

−0.4−5.5−0.0 0.8þ0.0þ0.1þ0.0
−0.0−0.1−0.0

K0πþπ− 12.7þ0.5þ0.5þ0.1
−0.5−0.3−0.1 14.3� 2.8� 1.8� 0.6 8.0þ0.9þ1.1þ0.0

−1.4−1.3−0.1
Kþπ−π0 16.9þ0.4þ2.1þ0.0

−0.4−1.9−0.0 0.6þ0.3þ0.3þ0.0
−0.5−0.3−0.0

K0π0π0 0.48þ0.01þ0.06þ0.01
−0.01−0.06−0.01 −33.1þ5.6þ0.6þ0.1

−3.9−0.6−0.1
K0KþK− 1.4þ0.0þ0.3þ0.2

−0.0−0.1−0.2 ∈ [0.2; 3.4] −17.4þ0.1þ0.7þ0.4
−0.2−0.5−0.4

KSKSKS 0.22þ0.00þ0.07þ0.01
−0.00−0.10−0.01 −13.4þ0.1þ0.4þ0.2

−0.1−0.4−0.2
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IV. BRANCHING FRACTIONS AND CP
ASYMMETRIES

For numerical calculations, we shall use the input param-
eters given in [4] except the form factorFBsK

0 . As discussed in
[12], this form factor at q2 ¼ 0 calculated in the literature
ranges from 0.23 to 0.31. We find that the form factor
FBsK
0 ð0Þ ≈ 0.31 gives a better description of the measured

branching fractions of B̄0
s → K0

ð−Þ
K∓π� and K0πþπ−.

The calculated branching fractions and CP asymmetries
are summarized in Table I. The theoretical errors shown there
are from the uncertainties in (i) the parameter αNR appearing
in Eq. (2.7), which governs the momentum dependence of
the nonresonant amplitude, (ii) the strange quarkmassms for
decay modes involving kaon(s), the form factor FBsK

0 with
the uncertainty assigned to be 0.03, and the nonresonant
parameter σNR given after Eq. (2.7), and (iii) the unitarity
angle γ.

A. Branching fractions

We see from Table I that the penguin-dominated modes
B̄0
s → K0K−πþ and K̄0Kþπ− have the largest rates among

the three-body decays B̄0
s → PPPwith P ¼ K, π. Resonant

TABLE II. Predicted branching fractions (in units of 10−6) of
resonant and nonresonant (NR) contributions to B̄0

s → K̄0Kþπ−
and K0K−πþ.

B̄0
s → K̄0Kþπ− B̄0

s → K0K−πþ

K�0K̄0 1.5þ0.0þ2.4þ0.0
−0.0−0.9−0.0 K̄�0K0 3.8þ0.0þ0.8þ0.0

−0.0−0.7−0.0
K�−Kþ 3.5þ0.0þ0.7þ0.1

−0.0−0.7−0.1 K�þK− 2.6þ0.0þ2.7þ0.1
−0.0−1.1−0.1

K�0
0 ð1430ÞK̄0 0.6þ0.0þ0.9þ0.0

−0.0−0.4−0.0 K̄�0
0 ð1430ÞK0 14.5þ0.0þ3.3þ0.0

−0.0−2.9−0.0
K�−

0 ð1430ÞKþ 14.5þ0.0þ3.2þ0.1
−0.0−2.9−0.1 K�þ

0 ð1430ÞK− 1.0þ0.0þ1.0þ0.0
−0.0−0.4−0.0

NR 23.8þ0.2þ9.9þ0.0
−0.1−6.7−0.0 NR 24.2þ0.0þ7.9þ0.0

−0.0−5.1−0.0
Total 35.3þ0.3þ15.7þ0.0

−0.2−9.8−0.0 Total 36.7þ0.2þ14.9þ0.1
−0.2−9.0−0.1

FIG. 1. Dalitz-plot distributions of penguin dominated B̄0
s to (a) K0K−πþ, (b) KþK−π0, and (c) K0K̄0π0 decays. The CP averaged

differential rates are in units of 10−6 GeV−4. Note that the contour lines are separated logarithmically.
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and nonresonant contributions are shown in Table II.1 It is
evident that they are dominated by the K̄�0

0 ð1430Þ,
K�−

0 ð1430Þ scalar resonances and nonresonant

contributions. The Dalitz-plot distribution shown in
Fig. 1(a) also exhibits this feature. For the nonresonant
contributions, we find if the nonresonant matrix element
of scalar density given by Eq. (2.8) is applied to the Bs

meson, the total branching fraction of B̄0
s → K0

ð−Þ
K∓π�

will be best accommodated with the param-
eter α ≈ 0.10 GeV−2.
For the channel B̄0

s → K0KþK−, the current LHCb
measurement of its branching fraction lies in the range
ð0.2–3.4Þ × 10−6, while our prediction 1.4 × 10−6 is in the
middle. We see that both B̄0

s → KþK−π0 and B̄0
s →

K0K̄0π0 have very similar rates, as it should be.

FIG. 2. Same as Fig. 1, but for tree-dominated B̄0
s to (a) K0πþπ−, (b) Kþπ−π0, (c) K0π0π0 and (d) K0KþK− decays.

1Although in B̄0
s → KSK∓π� decays, the rate of B̄0

s →
K�þ

0 ð1430ÞK− → K0K−πþ is much smaller than that of
B̄0
s → K�−

0 ð1430ÞKþ → K̄0Kþπ−, it is the other way around in
B̄0
s → π0KþK− decays: BðB̄0

s → K�þ
0 ð1430ÞK− → KþK−π0Þ ≫

BðB̄0
s → K�−

0 ð1430ÞKþ → K−Kþπ0Þ. Through the narrow width
approximation, ΓðB → RP → P1P2PÞ ¼ ΓðB → RPÞBðR →
P1P2Þ with R being a resonance, it follows that the branching
fraction of B̄0

s → K�þ
0 ð1430ÞK− is similar to that of

B̄0
s → K�−

0 ð1430ÞKþ.
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As for the tree-dominated mode B̄0
s → K0πþπ−, our

prediction of its rate is consistent with experiment within
errors. See Fig. 2 for the Dalitz-plot distributions of
tree-dominated modes.

B. Direct CP asymmetries

There are six U-spin relations exhibited in Eq. (3.6).
They cannot be tested at present due to the lack of
experimental data. Nevertheless, since the U-spin sym-
metry breaking is already included in the model calcula-
tions, we can check quantitatively how good the symmetry
is. In Table III we show some of the direct CP asymmetries
in Bs decays evaluated using the U-spin relations Eq. (3.6)
and theoretical inputs for the branching fractions of B̄0

s →
PPP decays and CP asymmetries of B̄0

d → PPP. We see
that in generalACP obtained byU-spin symmetry are not in
good agreement with the direct calculation based on
factorization. In particular, the signs of the calculated
CP rate asymmetries ACPðB̄0

s → K0KþK−Þ and
ACPðB̄0

s → K̄0Kþπ−Þ are opposite to what is expected
from the U-spin symmetry argument. This has to do with
sizable U-spin symmetry breaking in some matrix ele-
ments. For example, the matrix element hπ−K̄0js̄uj0i
appearing in the decay amplitude of B̄0

s → K̄0Kþπ− should
be the same as the one hK−K0jd̄uj0i in B̄0

s → K0πþK−

under U-spin symmetry. However, from Eq. (2.7) we see
that in reality the U-spin symmetry that relates the matrix
elements of hK0Kjd̄qj0i to hK̄0πjs̄qj0i is badly broken.
Therefore, it is not surprising that the U-spin relations are
generally not well respected.
As mentioned in the Introduction, LHCb has observed

interesting correlations of the CP violation between the
three-body decays of charged B mesons given in Eq. (1.2).
It will be interesting to see experimentally if the analog
relation ACPðB̄0

s → K0πþπ−Þ ≈ −ACPðB̄0
s → K0KþK−Þ

also holds in the Bs sector. Our model calculation (see
Table I) indeed shows an opposite sign of CP rate
asymmetries between the above-mentioned two modes.
Besides inclusive CP violation, LHCb has also observed

large asymmetries in localized regions of phase space [2,3].

Again, it is important to check if significant signatures of
CP violation occur in three-body Bs decays in the low mass
regions devoid of most of the known resonances. If the
phase space of the decay B̄0

s → KþK−π0 is restricted to the
mass region m2

KþK− < 1.5 GeV2 as it has been done for the
LHCb measurement of the regional CP violation in
B− → KþK−π−, we find Aregion

CP ðB̄0
s → KþK−π0Þ ¼

ð29.6þ0.5þ1.4þ0.1
−0.4−1.7−0.2 Þ% which is greater than the integrated

inclusive CP asymmetry of order 0.9% (cf. Table I).

V. CONCLUSIONS

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

(i) The penguin-dominated decays B̄0
s → K0K−πþ and

K̄0Kþπ− have the largest rates among the three-body
decays B̄0

s → PPP with P being a kaon or pion, and
they are dominated by the K�

0ð1430Þ resonances
and nonresonant contributions. The decays B̄0

s →
KþK−π0 and K0K̄0π0 have similar rates, and their
branching fractions are of order 20 × 10−6.

(ii) The branching fraction of B̄0
s → K0KþK− is pre-

dicted to be 1.4 × 10−6, which is in the middle of
the measured region ð0.2–3.4Þ × 10−6 obtained
by LHCb.

(iii) Several model-independent relations based on
U-spin symmetry are derived. Although they
cannot be tested by the present available data, they
can be checked by the dynamical calculations
as shown in Table III. Because the U-spin symmetry
that relates the matrix elements of scalar densities,
e.g., hKK̄jq̄1q2j0i and hKπjs̄qj0i, is badly broken,
U-spin symmetry relations for CP violation in
three-body Bs decays are generally not well
respected.

(iv) We found sizable CP asymmetries in K0πþπ−,
K0π0π0, K0KþK−, and KSKSKS channels. Just as
the Bu sector, the CP asymmetries of B̄0

s → K0πþπ−
and B̄0

s → K0KþK− have similar magnitudes but are
opposite in sign.

TABLE III. Direct CP asymmetries in B̄0
s → PPP decays via U-spin symmetry. Theoretical predictions of branching fractions of

B̄0
d → K̄0Kþπ−,K0πþK− andCP asymmetries for B̄0

d → PPP are taken from[4],whilebranching fractionsof B̄0
d → K̄0KþK− and K̄0πþπ−

are quoted from [13,14] and [1,15,16], respectively. Only the central values are given for CP asymmetries derived from U-spin symmetry.

Modes Bð10−6Þ ACP(%) Modes ACP(%) (U-spin) ACP (%) (theory)

B̄0
d → K̄0Kþπ−a

3.9þ1.4
−0.9 −9.4þ1.7þ1.5þ0.0

−2.9−2.5−0.0 B̄0
s → K0K−πþ 0.96 4.6þ0.3þ1.1þ0.1

−0.3−1.1−0.1
B̄0
d → K0K−πþ a

0.8þ1.4
−0.9 −12.7þ1.7þ1.5þ0.0

−2.9−2.5−0.0 B̄0
s → K̄0Kþπ− 0.28 −1.9þ0.1þ0.1þ0.0

−0.1−0.1−0.0
B̄0
d → K̄0KþK− 23.9� 1.0 −5.5þ1.4þ0.5þ0.1

−1.0−0.5−0.1 B̄0
s → K0πþπ− 10.1 8.1þ0.9þ1.0þ0.0

−0.0−0.9−0.0
B̄0
d → K̄0πþπ− 49.6� 2.1 −0.8þ0.0þ0.1þ0.0

−0.0−0.1−0.0 B̄0
s → K0KþK− 15.9 −17.4þ0.1þ0.7þ0.4

−0.2−0.5−0.4
B̄0
d → KSKSKS 6.19þ1.62

−1.42 0.7þ0.0þ0.0þ0.0
−0.0−0.0−0.0 B̄0

s → KSKSKS −20.8 −13.4þ0.1þ0.4þ0.2
−0.1−0.4−0.2

aBranching fractions and CP asymmetries of B̄0
d → K0

ð−Þ
K�π∓ are calculated in [4], but not for the individual K̄0Kþπ− and K0K−πþ

modes. Here we have corrected some typos in the computer code for B̄0
d → K0

ð−Þ
K�π∓ and updated the results.
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APPENDIX: Factorizable amplitudes of Bs → PPP decays

In the following we list the factorizable amplitudes of various B̄0
s → PPP decays:

hK0K−πþjTpjB̄0
si ¼ hπþK0jðūbÞV−AjB̄0

sihK−jðs̄uÞV−Aj0i½a1δpu þ ap4 þ ap10 − ðap6 þ ap8 ÞrKχ �

þ hK0jðd̄bÞV−AjB̄0
sihπþK−jðs̄dÞV−Aj0i

�
ap4 −

1

2
ap10

�
þ hK0jd̄bjB̄0

sihπþK−js̄dj0ið−2ap6 þ ap8 Þ

þ hK0K−πþjðūuÞV−Aj0ih0jðs̄bÞV−AjB̄0
siða2δpu þ a3 þ a9Þ

þ hK0K−πþjðūuÞVþAj0ih0jðs̄bÞV−AjB̄0
siða5 þ a7Þ

þ hK0K−πþjs̄ð1þ γ5Þdj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ; (A1)

hK̄0Kþπ−jTpjB̄0
si ¼ hπ−Kþjðd̄bÞV−AjB̄0

sihK̄0jðs̄dÞV−Aj0i
�
ap4 −

1

2
ap10 −

�
ap6 −

1

2
ap8

�
rKχ

�

þ hKþjðūbÞV−AjB̄0
sihπ−K̄0jðs̄uÞV−Aj0i½a1δpu þ ap4 þ ap10� þ hKþjūbjB̄0

sihπ−K̄0js̄uj0ið−2ap6 − 2ap8 Þ
þ hK̄0Kþπ−jðūuÞV−Aj0ih0jðs̄bÞV−AjB̄0

siða2δpu þ a3 þ a9Þ
þ hK̄0Kþπ−jðūuÞVþAj0ih0jðs̄bÞV−AjB̄0

siða5 þ a7Þ þ hK̄0Kþπ−js̄ð1þ γ5Þdj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ;

(A2)

hπ0KþK−jTpjB̄0
si ¼ hKþπ0jðūbÞV−AjB̄0

sihK−jðs̄uÞV−Aj0i½a1δpu þ ap4 þ ap10 − ðap6 þ ap8 ÞrKχ �
þ hKþK−jðs̄bÞV−AjB̄0

sihπ0jðūuÞV−Aj0i½a2δpu þ a3 − a5 − a7 þ a9�

þ hKþK−jðs̄bÞV−AjB̄0
sihπ0jðd̄dÞV−Aj0i

�
a3 − a5 þ

1

2
ða7 − a9Þ

�

þ hKþjðūbÞV−AjB̄0
sihK−π0jðs̄uÞV−Aj0i½a1δpu þ ap4 þ ap10� þ hKþjūbjB̄0

sihK−π0js̄uj0ið−2ap6 − 2ap8 Þ

þ hπ0KþK−jðs̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0
si
�
a3 þ ap4 −

1

2
ða9 þ ap10Þ

�

þ hπ0KþK−jðs̄sÞVþAj0ih0jðs̄bÞV−AjB̄0
si
�
a5 −

1

2
a7

�
; (A3)

hK0πþπ−jTpjB̄0
si ¼ hπþK0jðūbÞV−AjB̄0

sihπ−jðd̄uÞV−Aj0i½a1δpu þ ap4 þ ap10 − ðap6 þ ap8 Þrπχ �

þ hπþπ−jðs̄bÞV−AjB̄0
sihK0jðd̄sÞV−Aj0i

�
ap4 −

1

2
ap10 −

�
ap6 −

1

2
ap8

�
rKχ

�

þ hK0jðd̄bÞV−AjB̄0
sihπþπ−jðūuÞV−Aj0iða2δpu þ a3 þ a5 þ a7 þ a9Þ

þ hK0jðd̄bÞV−AjB̄0
sihπþπ−jðd̄dÞV−Aj0i

�
a3 þ ap4 þ a5 −

1

2
ða7 þ a9 þ ap10Þ

�

þ hK0jðd̄bÞV−AjB̄0
sihπþπ−jðs̄sÞV−Aj0i

�
a3 þ a5 −

1

2
ða7 þ a9Þ

�
þ hK0jd̄bjB̄0

sihπþπ−jd̄dj0ið−2ap6 þ ap8 Þ

þ hπþπ−K0jðd̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0
si
�
ap4 −

1

2
ap10

�
þ hπþπ−K0jd̄ð1þ γ5Þsj0ih0js̄γ5bjB̄0

sið2ap6 − ap8 Þ;
(A4)
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hK0KþK−jTpjB̄0
si ¼ hKþK−jðs̄bÞV−AjB̄0

sihK0jðd̄sÞV−Aj0i
�
ap4 −

1

2
ap10 −

�
ap6 −

1

2
ap8

�
rKχ

�

þ hK0jðd̄bÞV−AjB̄0
sihKþK−jðūuÞV−Aj0i½a2δpu þ a3 þ a5 þ a7 þ a9Þ�

þ hK0jðd̄bÞV−AjB̄0
sihKþK−jðd̄dÞV−Aj0i

�
a3 þ ap4 þ a5 −

1

2
ða7 þ a9 þ ap10Þ

�

þ hK0jðd̄bÞV−AjB̄0
sihKþK−jðs̄sÞV−Aj0i

�
a3 þ a5 −

1

2
ða7 þ a9Þ

�

þ hKþjðūbÞV−AjB̄0
sihK0K−jðd̄uÞV−Aj0i½a1 þ ap4 þ ap10� þ hK0jd̄bjB̄0

sihKþK−jd̄dj0ið−2ap6 þ ap8 Þ

þ hKþjūbjB̄0
sihK0K−jd̄uj0ið−2ap6 − 2ap8 Þ þ hK0KþK−jðd̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0

si
�
ap4 −

1

2
ap10

�

þ hK0KþK−jd̄ð1þ γ5Þsj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ; (A5)

hK̄0K0K0jTpjB̄0
si ¼ hK̄0K0jðs̄bÞV−AjB̄0

sihK0jðd̄sÞV−Aj0i
�
ap4 −

1

2
ap10 −

�
ap6 −

1

2
ap8

�
rKχ

�

þ hK0jðd̄bÞV−AjB̄0
sihK0K̄0jðūuÞV−Aj0i½a2δpu þ a3 þ a5 þ a7 þ a9Þ�

þ hK0jðd̄bÞV−AjB̄0
sihK0K̄0jðd̄dÞV−Aj0i

�
a3 þ ap4 þ a5 −

1

2
ða7 þ a9 þ ap10Þ

�

þ hK0jðd̄bÞV−AjB̄0
sihK0K̄0jðs̄sÞV−Aj0i

�
a3 þ a5 −

1

2
ða7 þ a9Þ

�

þ hK0jd̄bjB̄0
sihK0K̄0jd̄dj0ið−2ap6 þ ap8 Þ þ hK̄0K0K0jðd̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0

si
�
ap4 −

1

2
ap10

�

þ hK̄0K0K0jd̄ð1þ γ5Þsj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ; (A6)

hKþπ−π0jTpjB̄0
si ¼ hKþπ0jðūbÞV−AjB̄0

sihπ−jðd̄uÞV−Aj0i½a1δpu þ ap4 þ ap10 − ðap6 þ ap8 Þrπχ �
þ hπ−Kþjðd̄bÞV−AjB̄0

sihπ0jðūuÞV−Aj0i½a2δpu þ a3 − a5 − a7 þ a9�

þ hπ−Kþjðd̄bÞV−AjB̄0
sihπ0jðd̄dÞV−Aj0i

�
a3 − a5 þ

1

2
ða7 − a9Þ

�

þ hKþjðūbÞV−AjB̄0
sihπ−π0jðd̄uÞV−Aj0i½a1δpu þ ap4 þ ap10�

þ hKþjūbjB̄0
sihπ−π0jd̄uj0ið−2ap6 − 2ap8 Þ þ hKþπ−π0jðd̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0

si
�
ap4 −

1

2
ap10

�

þ hKþπ−π0jd̄ð1þ γ5Þsj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ; (A7)

hK0π0π0jTpjB̄0
si ¼ hK0π0jðd̄bÞV−AjB̄0

sihπ0jðūuÞV−Aj0i½a2δpu þ a3 − a5 − a7 þ a9�

× hK0π0jðd̄bÞV−AjB̄0
sihπ0jðd̄dÞV−Aj0i

�
a3 − a5 þ

1

2
ða7 − a9Þ

�

þ hπ0π0jðūuÞV−Aj0ihK0jðd̄bÞV−AjB̄0
si½a2δpu þ a3 þ a5 þ a7 þ a9�

þ hπ0π0jðd̄dÞV−Aj0ihK0jðd̄bÞV−AjB̄0
si
�
a3 þ ap4 þ a5 −

1

2
ða7 þ a9 þ ap10Þ

�

þ hπ0π0jd̄dj0ihK0jd̄bjB̄0
sið−2ap6 þ ap8 Þ þ hK0π0π0jðd̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0

si
�
ap4 −

1

2
ap10

�

þ hK0π0π0jd̄ð1þ γ5Þsj0ih0js̄γ5bjB̄0
sið2ap6 − ap8 Þ; (A8)
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hπ0K0K̄0jTpjB̄0
si ¼ hK0K̄0jðs̄bÞV−AjB̄0

sihπ0jðūuÞV−Aj0i½a2δpu þ a3 − a5 − a7 þ a9�

þ hK0K̄0jðs̄bÞV−AjB̄0
sihπ0jðd̄dÞV−Aj0i

�
a3 − a5 þ

1

2
ða7 − a9Þ

�

þ hK̄0jðs̄dÞV−Aj0ihK0π0jðd̄bÞV−AjB̄0
si
�
ap4 −

1

2
ap10 −

�
ap6 −

1

2
ap8

�
rKχ

�

þ hK̄0π0jðs̄dÞV−Aj0ihK0jðd̄bÞV−AjB̄0
si
�
ap4 −

1

2
ap10

�
þ hK̄0π0js̄dj0ihK0jd̄bjB̄0

sið−2ap6 þ ap8 Þ

þ hπ0K0K̄0jðs̄sÞV−Aj0ih0jðs̄bÞV−AjB̄0
si
�
a3 þ ap4 −

1

2
ða9 þ ap10Þ

�

þ hπ0K0K̄0jðs̄sÞVþAj0ih0jðs̄bÞV−AjB̄0
si
�
a5 −

1

2
a7

�
: (A9)
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