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Abstract The decays of By, — 00,0 f0, fofo, with
o and fp denoting the light scalar mesons f((500) and
f0(980) in the two-quark picture, are studied in the per-
turbative QCD approach based on k7 factorization. With
the referenced value of the mixing angle |¢| ~ 25° for
the 0 — fp mixing in the quark-flavor basis, it is of great
interest to obtain that: (a) these neutral B-meson decays into
o0, o fo, and fy fo have large branching ratios in the order
of 107—10~*, which mean the possibly constructive inter-
ferences existed in the decays with different flavor states,
and then are expected to be tested at the Large Hadron Col-
lider beauty and/or Belle-II experiments in the (near) future;
(b) the large direct CP violations could be easily found in
the Bg — oo, fofo and Bgy ; — o fo decays, which indi-
cate the considerable interferences between the tree and the
penguin decay amplitudes involved in these four modes, and
would be confronted with the future measurements; (c) these
neutral B-meson decays could be examined through the sec-
ondary decay chain ¢/fy — 77 ™, namely, the four-body
decays of BS’X — (AT o (5) (T T ) o () With still large
branching ratios. On the other side, it seems that other 4
four-body decays of B) — (x*7n ), (K*K™)y, B? —
(JT+7T_)5(fO) (K+K_)f0, and Bg — (KJ'_K_)fO (K+K_)f0
could also be detected at the relevant experiments, if the
fo — K™K~ could be identified from the ¢ — KTK~
clearly. The (near) future experimental confirmations with
good precision would help to further study the perturbative
and/or nonperturbative QCD dynamics involved in these con-
sidered decay modes, as well as to explore the intrinsic char-
acters of these scalar mesons o and/or f and to constrain
both of the magnitude and the sign of ¢.
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1 Introduction

The light scalars have arisen a great of interest at both aspects
of theory and experiment due to the fact that they have the
same spin-parity quantum number, i.e., J© = 07, as that of
the QCD vacuum. However, the inner structure of the light
scalars is still in controversy theoretically, though the first
observation of the light scalar f;(980) I state was made by the
Belle [1] and BABAR [2] Collaborations through the decay
mode of B — fpK. Nevertheless, one is still inspired to
explore the light scalars in the decay products of the heavy
B mesons naturally because of the much larger phase space,
with comparison to those produced in the D(s) meson decays.
Therefore, investigating on their production in B decays
could be a unique insight to study their underlying structure
indeed.

In the conventional quark model, namely, the two-quark
picture, a meson is composed of one quark and one antiquark,
i.e., qq, with different coupling of the orbital and spin angu-
lar momenta [3-5]. Nowadays, the structure of the S-wave
ground state mesons has almost been determined unambigu-
ously, though the n and n’ ones contain the possible compo-
nent of gluonium (or pseudoscalar glueball) with different
extent [6-9]. But, the components of the P-wave mesons
can not be easily determined, especially of the light scalar
states such as a((980), « or KG‘(SOO), o or fy(500), and
f0(980). Theoretically, many proposals such as gq, gqqq,
meson-meson bound states, etc. on classifying these light
scalars are presented. It seems that the inner structure is
still not well established (for a review, see e.g., Refs. [10—
12]). Currently, two different scenarios, namely, Scenario-1
(S1) and Scenario-2 (S2), are proposed to classify the light
scalars [13]. More specifically, the light o and f are viewed
as the gg mesons in S1, while as the four-quark states in S2.

! For the sake of simplicity, fo will be used to denote this f((980) state

in the following context, unless otherwise stated.
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It is necessary to note that the latter structure is too compli-
cated to be studied in the factorization approach and could
not be quantitatively predicted. Therefore, we will work in
S1 for the o and f to give several quantitative predictions.

The scalar o and fy are believed to be made of the super-
position of strange and non-strange quark contents, based on
the measurements of D} — for*,¢ — foy,J/¥ — foo,
J/¥ — fog,etc.[12]. For more detail, please see Refs. [10—
14,14-17], and references therein. Hence, analogous to the
pseudoscalar 7 — 1’ mixing in the two-quark picture, the
physical o and fj states can also be described by a 2 x 2
rotation matrix with a mixing angle ¢ in the quark-flavor
basis, namely,

o\ [cosp —sing fn )
fo) = \sing cosp )\ £, )

where f,, = uitdd gnq fs = s5 are the quark-flavor states. It

is necessary togention that the possible scalar glueball com-
ponents involved in the o/ fy mesons [6] are left for future
investigations elsewhere. Currently, various measurements
on the mixing angle ¢ have been derived and summarized in
the literature with a wide range of values, for example, see
Refs. [13,18-20]. However, an explicit upper limits on the
magnitude of the mixing angle is set as |¢| < 31° according
to the recent Large Hadron Collider beauty (LHCb) mea-
surements in the B meson decays into o and fjy, i.e., the
BY — J/yo and BY — J/y fo decays, within two-quark
structure description [21]. On the basis of these data, by also
assuming the o and fp as gg mesons, a slightly small value
of the mixing angle |¢| < 29° (90% CL) was proposed
by Stone and Zhang [22]. In Ref. [23], one of our authors
(X.L.) and his collaborators found that the mixing angle
¢ could be further constrained around 25° through clarify-
ing the experimental data of the B) — J/yfo(— ntn™)
and Bg — J/¥o/fo(— mTw™) channels in the two-quark
structure for these two light scalars, except for the challeng-
ing Bg — J/Yo(— mtr™). Of course, it is unfortunate
that the BSY ¢ = J/¥o/fo decays could only provide the
information about the magnitude of ¢ but with a two-fold
ambiguity on the sign. Therefore, as stated in [23], this ambi-
guity is expected to be resolved through the studies of other
B — Mo (fp) decays with M denoting the open-charmed or
light hadrons, once the related measurements are available
with high precision.

Presently, several B — o/fo(P,V) (here, P and V
denote the pseudoscalar and vector meson, respectively)
decays have been measured experimentally [12,24]. And
the related investigations, for instance, see [25-35], are also
performed with different approaches/methods theoretically.
With the great development of LHCb and Belle-II experi-
ments [36], more and more modes involving one and/or two
scalar states in the B meson decays are expected to be mea-
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sured with good precision in the near future. Therefore, we
will systematically study the neutral B-meson decays into
00,0 fo, and fo fo, i.e., the BY & — 00,0 fo, fofo decays,
by employing the perturbative QCD (PQCD) approach [37—
39] based on the k7 factorization theorem. In Ref. [40], Liang
and Yu have analyzed the CP-averaged branching ratios and
CP-violating parameters of the B — oo and B — fo fo
channels in the PQCD approach. However, it is noted that the
branching ratio of the B — oo mode is similar to that of
the B? — a0 (980)%a0(980)° one, which seems a bit strange
to us that the interferences from the BY — f, f; and f; f;
decay amplitudes did not contribute evidently. In this work,
we will take the possibly considerable interferences arising
from the mixed f; state with the referenced value of the mix-
ing angle ¢ ~ 25° [23], namely, the contributions from the
BY — f, fsand BY — f f; decay amplitudes, into account
to make reliable predictions in the Bg’x — oo, 0fo, fofo
channels.

The paper is organized as follows. In Sect. 2, we present
the formalism of the PQCD approach and the related cal-
culations of the considered BS’S — 00,0 fo, fofo decays
in a simplified form. Then the numerical calculations and
phenomenological discussions on the related results will be
made explicitly in Sect. 3. The main conclusions and a short
summary will be finally given in Sect. 4.

2 Perturbative calculations

It is well known that the decay amplitude of non-leptonic
B meson decays is determined by the effective and reli-
able evaluation on the hadronic matrix element. At the cur-
rent time, the community provide some standard factor-
ization approaches/methods, in which the QCD factoriza-
tion approach [41-44], the PQCD approach, and the soft-
collinear effective theory [45] are the three more popular
tools based on QCD dynamics presently. Frankly speaking,
due to the existence of the end-point singularities, the QCD
factorization approach and the soft-collinear effective the-
ory have to parameterize several Feynman amplitudes in the
non-factorizable emission and annihilation diagrams, which
finally result in large uncertainties theoretically. While the
PQCD approach, by keeping the transverse momentum (k7)
of the valence quark, successfully conquers the end-point
singularities that exist in the collinear factorization theorem.
Based on the kp factorization theorem and armed with the
kr [46,47] (threshold [48,49]) resummation techniques, the
resultant Sudakov factor S (the jet function J) could help
us to kill the end-point singularities (smear the double loga-
rithmic divergences). Then the PQCD approach can be well
applied to calculate the hadronic matrix element of the non-
leptonic B meson decays. The decay amplitude could be fac-
torized into the convolution of the hard kernel associated with
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the wave functions of the initial (B) and final (M| and M>)
mesons as follows:

A~PpQHR®SQJQ Dy, @ Py, (2)

where the hard kernel H can be calculated perturbatively
in the PQCD approach, while the wave functions ®, con-
taining the light-cone distribution amplitudes, are univer-
sal for all modes, although non-perturbative in nature. With
the PQCD approach, the non-factorizable emission diagrams
and the annihilation ones can also be perturbatively cal-
culated, besides the factorizable emission diagrams. And
what’s more, the annihilation diagrams perturbatively eval-
uated in the PQCD approach can provide a large strong
phase that could well explain the CP-violating asymmetries
in the B meson decays [50], for example, in the B — K=&
ones [37,51], which have been confirmed in relevant mea-
surements [12,24] at BABAR, Belle, and LHCb experiments.
More detail and the recent developments of the PQCD
approach could be found in the literature, for example, see
Refs. [52-58].

At the quark level, the Bg,x — oo, 0fo, fofodecays are
induced by the b — d or b — § transitions, respectively.
The weak effective Hamiltonian Hes for these decays can be
written as [59],

Gr

V2
10

Vi Vig Y Ci(w) 04 (1) } : 3)

i=3

Hegr = { o Vug [C1() OF (1) + Ca (1) O3 () ]

with the Fermi constant Gy = 1.16639 x 107> GeV 2,
the light ¢ = d, s quark, and Wilson coefficients C;(u) at
the renormalization scale u. The local four-quark operators
O;(i =1, ...,10) are written as

e Tree operators

Of = (Guup)v—a(iigbe)v—a,
05 = (qatta)v-aliigbg)v—_a; “4)

e QCD penguin operators

03 = (Guba)v-a Y _(Gpap)v-a.
q/

O4 = (qubp)v-a Z(Cféq(;)vf/a,
q/

05 = (@uba)v-4 Y_(@3qp)v+a,
q/

O6 = (Gubp)v—a Y_(@pal)v+a: )
q/

e Electroweak penguin operators

3 _ -
07 = 5(qaba)v -2 Zeq’(q;}q;})v-ﬁ-fh

2 !
q
3 _ _
Og = E(CIQbﬁ)V—A Zeqf(ngg)VH,
q/
3 _ _
O9 = E(CIO{ba)V—A Z]eq’(ql/sq[/?)V—A,
q
O10 = > (Gub 74, 6
10 = 5 (G ﬂ>v7AZ,eq/<qﬁqa)H, (6)
q

with the color indices «, B and the notations (§'q")y+4 =
G'vu(1 £ y5)q’. The index ¢’ in the summation of the above
operators runs through the active quarks u, d, s, ¢, and b.
It is worth mentioning that since we work in the framework
of the PQCD approach at leading order [O(«)], it is natural
to use the Wilson coefficients at leading order correspond-
ingly. For the renormalization group evolution of the Wilson
coefficients from higher scale to lower scale, the formulas as
given in Refs. [37,38] will be adopted directly.

In Fig. 1, it is clear to see the Feynman diagrams for the
Bg ; = 00, 0fo, fofo decays in the leading order PQCD
framework and to observe that these diagrams could be clas-
sified into two kinds of topologies, namely, the emission ones
with Fig. 1a, b being the factorizable-emission( f ¢) diagrams
and Fig. 1c, d being the non-factorizable-emission(n f e) dia-
grams, and the annihilation ones with Fig. le, f being the
non-factorizable-annihilation (nfa) diagrams and Fig. 1g, h
being the factorizable-annihilation (fa) diagrams, respec-
tively. Several two-body non-leptonic B — S5 (S stands
for the scalar meson) decays have been studied in the PQCD
approach by different groups [40,60-64], and the analytic
expressions for the factorization formulas and the decay
amplitudes have been presented explicitly in the literature.
One just need to identify the scalar meson as the specific o
and/or fo one to obtain easily the corresponding information
of the BS’S — o0, 0fo, fofodecays considered in this work.
Thus, for the sake of simplicity, we do not present the afore-
mentioned formulas in this paper. The interested readers can
refer, for example, to Ref. [60] for detail.

By including the essential contributions arising from the
operators as presented in the Eqgs. (4)—(6), then the decay
amplitudes of the considered Bg’s — o0, 0fo, fofodecays
could be written straightforwardly as follows:

1. For Bg — o0, 0fy, fofodecays.
For the sake of convenience, we take the Bg — afoy
decay as an example to explain the procedure obtaining
the decay amplitudes analytically. The decay amplitudes

@ Springer
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Fig. 1 Leading order Feynman o(f,)
diagrams for the neutral
B-meson decays into oo, o fo,
and fy fo within the framework
of PQCD P 5
20§ Qo &
d, g 3]

voﬁ?oo@?@

% O% O>< 0>@

for the BS meson decaying into the quark-flavor states
Jntfns fnfs, and fs f; can be easily written as follows:

2A(BY = fafu) =V}, Vud{ a2 50 Fra
* 1 Y )
+Co(Mpfe + Musa) ( — VipVeai | a6 — 598 T Fy
1
+|:2a3 + a4 +2as + E(a7 +ag —alo)i|fBgFfu
1 Py
+ <a6 - 508> fBgFfa
1
+[C3 +2C4 — 5(C9 - CIO)](Mnfe
1
+Mnfa)+(cﬁ_ )(Mnfe+Mnfa)
1
+ <2c6 + ECg> (Mnfg + Mnfa)} @)
1
V2ABY — fufs) = —V[‘Z,Vzd{ <C4 - 5C10> Myre
1
+(co- 56 ) mrz ). ®)
1
ABY — fifo) = —Vfi,Vzd{[% tas—5(a7 +a9)}

1 1
XfBQFf“ + (C4 - 5C10> Myfa + <CG - 5C8> nja} )

with f B and f r, being the decay constant of initial BO
meson and the scalar decay constant of the final ﬂavor
state f,. Notice that the vector decay constants ff, and
f, are naturally zero due to the neutral scalar mesons
with the charge conjugation invariance not being pro-
duced by the vector current, which consequently result
in the exact zero factorizable emission contribution Fp,
in the above decay amplitudes. It needs to point out
that these three equations denote the contributions with
BS — o (fp) transition and here the coefficients, namely,
2. 4/2, and 1, in front of the amplitudes A(Bg = fufn)s
A(Bg — fufs), and A(Bg — fsfs) as correspond-
ingly presented in the Eqgs. (7)-(9) are from the flavor
wave function of f;, and f;. When the o (f;;) and fo(fy)
states exchange their positions, then these three equa-

@ Springer

tions could give the contributions with Bg — fo(fn)
transition in a same form. All the contributions with
both of the B — o(f,) and the BY — fo(f,) tran-
sitions will lead to the decay amplitude with physical
state, i.e., .A(Bg — 0 fp). In the above formulas, i.e.,
Egs. (7)-(9), the “F” and “M” stand for the amplitudes
coming from the factorizable and non-factorizable dia-
grams associated with the (V — A)(V — A) operators,
the FP' and M stand for the amplitudes coming from
the factorizable and non-factorizable diagrams associ-
ated with the (V — A)(V + A) operators, and the F Py
and M2 stand for the amplitudes coming from the fac-
torizable and non-factorizable diagrams associated with
the (S — P)(S + P) operators that through Fierz transfor-
mation of the (V — A)(V 4 A) ones, respectively. And the
a; is the standard combination of the Wilson coefficients
C; defined as follows [65]:

o+ m=a+ S (10)
3 3

_:{C,-+Ci+1/3 (i=3,5"1709), (an
! Ci+Ci1/3 (i =4,6,8,10),
where C» ~ 1 is the largest one among all the Wilson
coefficients.
By taking the mixing of o and fj in the quark-flavor basis
into account, the decay amplitude for the physical state
of BY — o fy is then

A(BY — afy) = [A(BS — fafa) — AB) — f;f.;)} sin(2¢)
+ABY — fafs)cos2g), (12)

Similarly, the Bg — oo and 32 — fo fo decay ampli-
tudes could be written straightforwardly as,

V2ABY — 60) =2A(BY — fufu)cos? ¢

+2A(BY — fs f5)sin? o — A(BY — fu f5) sin(29),
(13)
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V2ABY = fofo) =2A(BY — fu fu)sin® ¢

+2A(BY = fsfy)cos? o + ABS = fu fy) sin(p).
(14)

Itis clear to see that these expressions of the decay ampli-
tudes for the considered modes are consistent with those
for the neutral B-meson decays into the 1%/, nn, and
1’7’ in the pseudoscalar sector. For example, please see
Ref. [66] for detail.
2. For BY — 00,0/, fofo decays.

Analogously, the decay amplitudes of B‘? = fafus fufs
and fs fy can be written as,

2ABY = fufa) = VJqus{aszg Ffq + C2Mnfa}
ot (36 L) M
+|:2(a3 +as) + 1(a7 + a9)]fBQFfa
<2c6 += Cg) nfa}, (15)

‘/EA(B? = fufs) = V;},Vus{CZMnfe} - V;ZVts

x { (2C4 + %Cm) Mype + (206 + ;Cg> ,f?e}, (16)
1 _
A(BO = fsfs)=— bvts{<06 - 508) fst;Jg

1
+<C6_ ECS) (Mnfe ”f“)
+|:a3 + aq +as — 5(07 +ag +a10):|fB?Ffa
1 FP2
+ 06—5‘18 fB.? a
1
+[C3 +Cy— E(Cg + ClO)]

X(M"f@+M"fa)+(C5 >( nfe+Mn)‘a)} (17)

with fpo and f1, being the decay constant of the initial

BY meson and the scalar decay constant of the final flavor
state fy. Then, we could give the decay amplitudes for
the physical states similarly,

ABY - o fp)
= [A(B? - fafn) — ABY — fsfs)]

x sin(2¢) + A(B? — fnfs)cos(p), (18)
V2ABY - o00)
=2A(BY = fufn)cos® @ — A(BY — fu fs) sin(2¢)
+2A(BY — f fy) sin® g, (19)
V2AB) — fofo)
=2ABY = fyfa)sin® @ + ABY — f, f5)sin(2p)

+2A(B? — fsfs) cos? ®. (20)

Itis easy to see from the above six decay amplitudes as shown
in Egs. (12)—(14) and (18)—(20) that these decay channels
could not only constrain the magnitude but also identify the
sign for the o and fy mixing angle ¢ by the help of the
future measurements with good precision, due to the possibly
significant interferences among the Bg’s — fufus Bg’s —

Jn fs, and 32 ; = [sfs decay amplitudes.

3 Numerical results and discussions

Now, we come to the numerical calculations of the CP-
averaged branching ratios and the CP-violating asymmetries
of the ng s = 00,0 fo, fofodecays in the PQCD approach.
Several comments on the nonperturbative inputs are pre-
sented essentially as follows:

(1) For the neutral B mesons, the wave functions (and
the distribution amplitudes) and the decay constants
are same as those extensively utilized, for example,
in Refs. [37,38,60,66], but with the updated lifetimes
Tgo = 1.52 ps and Tpo = 1.509 ps [12]. The masses

of BY and B? mesons are m B = 5.28 GeV and
mpo = 5.37 GeV [12], respectively. The recent devel-
oplhents on the B-meson distribution amplitude could
be found in the literature, e.g., [67-72]. The effects
induced by these mentioned distribution amplitudes
could be left for the (near) future investigations with
definitely precise data.

(2) For the light scalar flavor states, namely, f, and f,
the decay constants and the Gegenbauer moments in
the distribution amplitudes have been derived in the
QCD sum rule method [25] and their values at the
renormalization scale u = 1 GeV are adopted same
as those in Ref. [23], specifically, the scalar decay
constants f7, ~ 0.35 GeV and ff, =~ 0.33 GeV,
and the Gegenbauer moments B} = —0.92 £ 0.08,

3 = —1.00 £0.05, and By 3 >~ 0.83;’,3 [25]. More-
over, the masses for the physical states o and f and
the flavor states f;, and f; are same as those utilized
in Ref. [23], ie., ms = 0.5 GeV, mp = 0.98 GeV,
my, =0.99GeV,and m s = 1.02 GeV, respectively.2

2 Notice that, for the masses of the fn and f; states, the values could
also be given through the mass relation in a dlfferent way That is,
m2 = m2 cos? p+m? ; singandm? = m2 cos? go-i—m sin® ¢ [19].
However, it is worth stressing that the branchmg ratios of the consid-
ered neutral B-meson decays into oo, o fo, and fy fo by employing the
masses obtained with the mass relation are generally consistent with
those by adopting the masses obtained with the QCD sum rule method

in this work within the still large theoretical errors.

@ Springer
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(3) For the Cabibbo—Kobayashi—-Maskawa (CKM) matrix
elements, we also adopt the Wolfenstein parametriza-
tion at leading order, i.e., up to O(A%),

1— 42 A A —in)
Vekm = —A 1- 52 a2 +00h
AB(A—p—in —AA2 1
2D
but with the updated parameters A = 0.836, L =

0.22453, p = o.122i88{§, and 7j = 0.35510012 [12],

in which 5 = p(1 — &) and 7j = n(1 — 4.

3.1 CP-averaged branching ratios

Now, we present the numerical results of the Bg s
00,0 fo, fofodecaysinthe PQCD approach atleadin g’order.
Firstly, the PQCD predictions of the CP-averaged branching
ratios at the referenced value of the mixing angle ¢ ~ 25°
can be read as follows:

B(Bj — 00) = 4155 (0n) 53BN 5]
x (B35 (@) 015 i (V) x 1072,
B(BY — o fy) = 2.6670 % (wp) TS
X (BN 10 (BH 36 (@) 0 1e @) hoe (V) x 1072, (23)
B(BY — fofo) = 3.361 03¢ (@) 0 (5 (BMH 0

X (BH 138 (@) 1038 (a) T 00(V) x 1076, (24)

(22)

and

0 0.36 0.33
B(B] — o0) = 1.88735(wp) 13

(Bn)+0 IO(BS)-H) 16 )+0 29( )+0 OI(V) X

0.16(®

0.09 0.23 0.01
(25)
B(B] — ofo) = 1.22700(wp) 708
< (B Iy 12 (BD 51 (0) T 37 (@0 T (V) > 1074
(26)
B(B? — fofo) = 5315545 (wp) 050
x (B SK (BHIG15@) T ogs (@ Togy (V) x 1074
27

It is clearly seen that the CP-averaged branching ratios of
the considered Bg, s — 00,0f0, fofo decays vary from
1079 to 10~* in the PQCD approach at leading order. Gen-
erally speaking, the largest uncertainties of these theoreti-
cal predictions arise from the Gegenbauer moments B;' and
Bis (i = 1, 3), which are lack of effective constraints at both
of the experimental and the theoretical aspects currently, in
the distribution amplitudes of the final states f,, and fs, as
well as from the shape parameter wp in those of the initial

@ Springer

neutral B-mesons.> To estimate the possible contributions
at higher order, a factor a; = 1.0 £ 0.2 for the hard scale
max, namely, from 0.8¢ to 1.2¢, is introduced to the numeri-
cal calculations, and the resultant results could be considered
as one of the sources of theoretical errors. The sensitivity of
the ng s = 00,0f0, fofo decay rates to the mixing angle
¢ between the flavor states f,, and f; is also presented. The
variation of ¢ is taken as 10% of the central value, namely,
@ = 25°42.5°, which lead to the relatively smaller theoreti-
cal uncertainties in general, except for that in the Bg — fofo
mode. Moreover, it is clear to see that the branching ratios of
the BS channels are more sensitive than those of the B? ones
to the variations of the CKM parameters V (p, ), which is
mainly because both of |V} V,,4| and |V} V, 4| are in the same
order, namely, 1073, while | V.5, Vus| is less than |V} Vis| with
a factor near 50. It is noted that two of the considered decays
in this work, i.e., B — oo and B — fp fo, have ever been
investigated in Ref. [40]. However, we find that the predicted
values about their branching ratios are a bit smaller than ours
in this work, especially for the B? — oo mode with a highly
small decay rate, namely, 4.353:;8 x 107, Certainly, it is
worth mentioning that the Gegenbauer moments Bj and B3
of the flavor states f,, and f used in Ref. [40] are different to
those adopted in this work, and the scalar decay constants f £
and f 1, are slightly larger than those taken in our evaluations.
We expect the future measurements at LHCb and/or Belle-1I
could test these predictions given by different groups.

In light of these large theoretical errors induced by the
hadronic parameters, for the convenience of future experi-
mental measurements with good precision, several interest-
ing ratios are defined by employing the above branching
ratios in the PQCD approach presented in the Egs. (22)—
(24) and (25)—(27). In principle, the uncertainties could be
cancelled in the ratios to a great extent, although the afore-
mentioned hadronic inputs cannot be isolated from the decay
amplitudes. The relevant ratios can be read as follows:

B(BY — oo
R = S o = 1SS en
x (B 0000 003 @ g0 (V), (28)
R = pet = 2.2 m 38
p 0.Jo)
x(B) 500 (BD T 63(0) 0150 s (V) (29)
RS/fO = —B(ﬁd:;@ 1235403 (0p) 037
p 0.Jo)

3 After all, the only inputs within the framework of PQCD approach are
just the wave-functions ( or distribution amplitudes), which describe the
nonperturbative QCD during the formation of valence quark and valence
anti-quark into hadrons. Therefore, the (near) future precise measure-
ments and/or lattice QCD calculations could be of great importance to
constrain these mentioned hadronic inputs.
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x (B o (BH S (@) e (anth32(V), (30)
0
/fo _ B(By — 00) 0.30 0.19 0.09
Ri" = m 1547020 (0p) 16 (B L0708
x (BB (@) T 12an T (V), 31)
fo/o — B(BA — fofo) —4. 35+095( )+005
sfo = —B(BO = ofo) 0.71\@WB) _0 .05
X (BT 16 (BTN (0) 035 (an 001 (V), (32)
folo _ B(B) — Jo /o) 0.07 0.29
R = B S ooy = 28 003@n) 00
X (B30 (B 1S @) 0 13 @001 (V), (33)
B(B? - ¢0)
oo _ K — 4.53+O.02 +0.51 Bn +0.19
s/d —B(Bgeaa) Zo01(@B) Zo35(B;) 17

x (BH 00 (@) P93 @) T35 (v), (34)
ofy _ BB — o fp)

_ +1.06 +0.85
s/d :B(BO—>Gf0) 4.59787(wB) 6o

X (B oAt (BH T3 (@) T 0% an T 15(v), (35)
- B(BY = fofo)
R = By = s R

B(BJ — fofo)
x (B X013(BN 530 @) 015 @) 04 (V) x 10%. (36)

One could easily observe that the errors induced by the
nonperturbative inputs of the above ratios are indeed much
smaller due to the effective cancellation, except for those of
the ratios RZJ/C"O, Rg/f0 nd R_{%O because the B) — fo fo
decay rate is hlghly sensitive to the mixing angle ¢. These
ratios are expected to be examined in the (near) future exper-
iments at LHCb and/or Belle-II.

As aforementioned, the neutral B-meson decays into
00,0 fy, fofo would contain the three decay amplitudes of
BY . = fufuw BY, = fufs,and B - — fi f; with dif-
ferent ratios when the light scalar o/ fj are treated as super-
position of the f,, and f; flavor states, which could bring
the possibly constructive or destructive interferences into the
Bg ; — 00,0 f0, fofodecays. Within the theoretical uncer-
taiﬁties, the results of the branching ratios for these neutral
B-meson decays into oo, o fy, and fj fo by adding various
errors in quadrature could be written explicitly as follows:

B(B) — 0o) = 4.15755 x 107,

B(BY — o0) = 1.8810% x 107 37)
B(B) — o fo) = 2.66707¢ x 107,

B(BY — o fy) = 1.227050 x 10—4; (38)
B(BY — fofo) =3.367155 x 107,
BB — fofo) = 5317178 x 1074, (39)

Within still large errors, the branching ratios show that
B(BY — o0) ~ B(BY — ofy) > B(BY — fofo), and
BBY — o0) ~ B(BY — ofy) < B(BY — fofo). The
main reason is that the f,,(fs;) component dominates the
o (fo) state. In terms of the central values of the branch-
ing ratios, the relation B(Bg — 00) > B(BS — ofp) >
B(Bg — fo fo) is easily understood. However, it is slightly
strange that B(B? — 00) > B(B? — 0 fp), which is
attributed to the different interferences from the flavorful
states fy fn, fufs, and f fs.

To see the contributions from the diagrams in every topol-
ogy explicitly, we present the factorization amplitudes of the
considered neutral B-meson decays into oo, o fo, fo fo in
Table 1, in which we just quote the central values for clarifi-
cations. The quantities A r., A, e, Anfa, and A, are defined
to denote the factorization decay amplitudes arising from the
factorizable emission, the nonfactorizable emission, the non-
factorizable annihilation, and the factorizable annihilation
diagrams with physical final states, respectively. Specifically,
every factorization amplitude includes all the possible con-
tributions induced by the (V — A)(V — A), (V- A)(V 4+ A),
and (S — P)(S + P) currents. For the sake of the simplicity,
in association with the Egs. (7)—(12), the factorization ampli-
tude A s, in the Bg,x — o fp decay is taken as an example to
clarify the meaning of these four quantities as presented in
Table 1 explicitly as follows,

Age(BY = o fp) = [Afe<32 — fufn) = Afe(BY — fsfs)]
x sin(2g) + A £, (B — fu fs) cos(2¢)
= Afe(BY — fufu) sin(2p)

| 1 -
— 5 50|~V Vatas = ya0 72 . (40)

and

Afe(B) — o fo) = [Afe(B? = fufn)

~Afe(BY — fs m] Sin(2p) + A re(BY — fu fs) cos(2p)
= —Afo (B — ffy)sin2p)

1 _
= sin(Zgo){V;;V,s (a6 - 5ag> I, F;)g}. 41

And the other three quantities A, f., Ay rq, and Ay, could
also be expressed in a similar manner. It is interesting to
notice that the conventionally large contributions from the
factorizable emission diagrams in the B — PP, PV, VV
decays disappeared naturally due to the zero vector decay
constants fr, and fy, inthese BO‘ — o0, 0fo, fofodecays.
In sharp contrast, as stated in Refs. [31,60,62-64], there are
large non-factorizable contributions in the B-meson decays
into the final states involving scalar meson(s). In particular,

@ Springer
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Table 1 The factorization

decay amplitudes (in units of Modes Are Anfe Anfa Ata

-3 3
LO™ GeV™) of the BY - oo 0.873—i0.363  8.277 +i3.283 —1.663+i1.513  1.515+i2.007
BdJ_ — o0, 0fo, fofodecays 0 ] ) . .
with the mixing angle ¢ ~ 25° B = /o 0.576 —i0.240  7.073 +i0.348 —0.975+i0.269  0.999 + i1.323
in the PQCD approach at B> fofo  0.190—i0.079  2.864 — i0.484 —0.506+i1.194 0329 +0.437
1;1‘22%;’;‘3; ;”rzeciz(?tzgfg‘re B > oo —1.341 6.905 — i5.424 1.853 — i7.537 ~1.030 — i4.313
clarifications BY > ofy 4.066 —4.753 + i4.268 0.292 — 2.242 3.138 + i13.076

B! > fofo  —6.165 —17.340 411999 1.506 — i4.877 —4.754 — 19.830

due to the anti-asymmetric leading-twist distribution ampli-
tude of the scalars, the non-factorizable emission diagrams
with a significant cancellation between Fig. 1c and d in the
pseudoscalar and/or vector sector now become with a dra-
matic enhancement in the scalar sector, which result further
in the large branching ratios as presented in the Eqgs. (37)-
(39).

Furthermore, to see clearly the interferences arising from
the flavorful states, namely, Bg’ s = fatns fufs, fsfs, in
these Bg,s — 00, 0fo, fofo modes, we also present the
decay amplitudes of the neutral B-meson decays into the fla-
vorful and physical final states respectively in Tables 2 and
3. At the same time, the amplitudes induced by the tree oper-
ators and the penguin operators are also differentiated. From
Egs. (15)—(20) and Table 2, it is evident to observe that, due
to the purely large non-factorizable emission contributions
in the BS — fu fs decay amplitudes, the slightly construc-
tive (destructive) interferences between the B? — fafn and
B‘? — fnfs amplitudes consequently lead to a bit larger
(smaller) B? — ao(B_? — 0 fp) decay rate.

It is necessary to point out that the f state can decay into
m ™, as well as into K™K ~, with the decay rates [21,73—
76]

B(fo — ntn™) = 0457007, (42)
and
B(fo— KTK™) = 0.16700, (43)

respectively. Notice that the following assumptions have been
made: the decays of fo are governed by the fy — =nm
and KK modes, and the relations of the decay rates are
T(fo - 7% = Ir(fo - =tn™) and T(fy —
K°K% = TI'(fy - KT K™). Moreover, the branching ratio
for the ¢ — w7~ channel could be B(c — ntn™) ~
0.67 £ 0.07 [23]. Therefore, one can obtain the following
rich four-body decay channels # with the possible resonances

4 Very recently, some colleagues began to study the four-body decays
of B mesons in the PQCD approach [77,78] with the help of di-meson
distribution amplitudes phenomenologically.

@ Springer

o and fp via strong decays into 777~ in the considered

Bt(i),s — 00, 0fo, fofochannels:

BR(Bg — o(—> 7T+7T7)O'(—> 7r+717))

=B(BY — 00)Bo — ntn")Bo — ntx7)

=1 86+0.35+O.51+O.02+0.16+O4O9+0.O9+0.19+0.19
- 77 -0.28—-0.43—0.02—-0.17-0.06—0.08—0.19—-0.19

BR(B) — o(— nTn7) fo(— ntn7))

x 1072, (44)

= B(Bg —of)Blc - aTa T )B(fy > nTa7)

-0 80+0.19+0A18+0A03+0.07+0.07+OA03+0A08+0.12 « 10—5
- 7Y =0.15-0.16—0.03—0.08—-0.05—-0.03—0.08—0.09 ’

BR(B) — fo(— ntn7) fo(= nta))
= B(B) - fofo)B(fo - nTa)B(fo » ntn)

-0 68+O411+0.l6+0.02+O.26+0.07+0.02+0.11+0.11 x 1076
*7—-0.09-0.13-0.02—-0.20—0.05-0.02—0.08—0.08 ’

BR(B? — o(—> JT+71_)U(—> 7Z+7'[_))
= l’)’(B_(yJ — 00)Bc = ntn)Bo - ntn7)

-0 84+0.16+0.15+0.05+0.07+0.13+0.00+0.09+0.()9 x 1074
- 77-0.13-0.12-0.04—0.07-0.10—-0.00—0.09—-0.09 ’

BR(B? > o(— nta7) fo(— ntn )
=BBY » of)Bloc - atx )B(fo - nTx7)

-0 37+0.00+0A02+0.04+0.01+OA1 1+0.00+0.04+0.06 104
- 7 7-0.00-0.02—-0.04—0.00—0.08-0.00—0.04—0.04 ’

BR(BY = fo(— ntn ) fo(— ntn))

= BB — fofo)B(fo = nTa)B(fo - ntn)

-1 08+0'23+0'06+0'13+0'03+0'22+0'OO+0'l7+0‘17 % 10—4
- 77-0.18-0.06—0.12—-0.04—0.17—-0.00—0.12—0.12 ’

(45)

(46)

(47)

(48)

(49)

in which the last two errors come from the uncertainties of
the o/fy decay width. All the above modes in association
with large numerical results would be explored at the LHCb
and/or Belle-1II experiments with good precision in the future.
Moreover, though the f; resonance coming from the K™K ~
invariant mass could not be easily detected at the experimen-
tal aspects since the fj state is usually buried under the tail of
the ¢ one, itis essential for us to present the possible channels
induced by the fy — KT K~ decay as follows:

BR(BY - o(— ntn7) fo(— KTK™))

= B(BY — o fo)B(oc — nTn )B(fo — KTK™)

=0 29+0.07+0‘06+0‘01+0.03+O.02+O.01+0.03+0‘07
- 7*7-0.05-0.05-0.01-0.03—-0.02—-0.01-0.03—0.09

xlO_S,
BR(BY — fo(— 7n7n7) fo(— KTK™))

= B(BY = fofo)B(fo— nTn)B(fo - KTK™)

=0 24+0.04+0.05+0.01+0.09+O.03+0.01+0.O4+0.06
- 7*7-0.03-0.05-0.01-0.07-0.02—-0.01-0.03—0.08

(50)
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Table 2 The decay amplitudes

(in units of 103 GeV?) of the Flavorful states A g Ap
neutral B-meson decays into the Tree Penguin Tree Penguin
flavorful final states f,, f, fu fs»
and f; f; in the PQCD approach ¢ ¢, 17.061 4 i9.053 2.763 — i11.707
at leading order, where only the 8.153+i9.593  8.908 — i0.540 —0.566 +i0.099  3.329 — i11.806
central values are quoted for
clarifications Jnfs 2.283 —i2.570 —22.894 +i17.226
- 2.283 —i2.570 1.922 +i1.398 —24.816 +i15.828
fsfs —0.131 +i0.782 —15.783 — i15.347
- —0.131 +i0.782 - —15.783 — i15.347
Table 3 The decay amplitudes .
(in units of 10-3 GeV?) of the Physical states  Agy Asp
neutral B-meson decays into Tree Penguin Tree Penguin
physical final states oo, o fo,
and fo fo in the PQCD approach 0o 7.673 + i1.701 9.033 — i24.429
at leading order, where only the 3.123 + i3.674 4.550 — i1.973 —1.506 — i0.676 10.539 — i23.753
central values are quoted for ofo 12.730 +i9.107 2.743 +i15.102
clarifications. The mixing angle
@ is taken as 25° 6.697 4 i7.879 6.033 4 i1.228 0.657 + i0.674 2.086 4 i14.428
fofo 4.070 + i1.509 —37.835 —i17.971
1.456 +i1.713 2.613 —i0.204 0.940 4 i0.775 —38.775 — i18.746
x107°, (@28 which we could find the differences between the results

BR(BY — fo(— KTK™)fo(— KTK7))

= B(BY — fofo)B(fo— KTK)B(fo — KTK")

-0 09+0.01+0‘()2+0‘()O+0‘()3+0‘01+().00+().02+O.02
- Y¥7-0.01-0.02—0.00—0.03—0.01—-0.00—0.03—0.03

%1078, (52)
BR(B? = o(— nt7n7) fo(— KTK))
= B(B) — o0 f))Bloc — n w7 )B(fo > KTK")

=0 13+0.OO+0.01+0.Ol+0.00+0.O4+O.00+O.0]+O.03
- Y+7~=0.00-0.01-0.01-0.00—0.03—-0.00—0.01—-0.04

x 1074, (53)
BR(B? — fo(— nT77) fo(— KTK™))

= B(BY — fofo)B(fo— ntn7)B(fo— KTK")

=0 38+0.08+0.02+0.O4+0.Ol+O.08+0.00+0.06+0.10
- 777-0.06—0.02—-0.04—0.01-0.06—0.00—0.04—0.12

x 1074, (54)
BR(B? — fo(— KTK7) fo(— KTK™))

=B(BY - fofo)B(fo— KTK)B(fo — KTK")

=0 ]4+0.03+0‘01+0.01+().00+().03+O.00+O.03+0.03
- Y7 7-0.02-0.01-0.01-0.00—0.02—-0.00—0.04—0.04

x 1074, (55)

It is clearly seen that the last three B? -meson decay modes
have large branching ratios and are expected to be examined
in the near future.

To provide more information to better constrain the magni-
tude and the sign of the mixing angle ¢, we plot the variation
of the BY . — 00,0/, fofo decay rates with the mixing
angle in the range of ¢ € [—90°, 90°] (see Fig. 2), through

around +25° and —25°, and further obtain the information
about the sign of the mixing angle ¢ once the related experi-
ments could provide stringent examinations. From Fig. 2b, an
interesting variation could be observed that, when the mixing
angle are taken as —25°, the relation of the two branching
ratios B (BA? — oo) and l’)’(Bs0 — o fp) could change from
B(BY — 00)[1.88 x 10741 > B(B? — o £p)[1.22 x 1074
at ¢ ~ +25° to B(B? — 50)[8.75 x 107°] < B(B? —
o f0)[3.43 x 107%] evidently at ¢ ~ —25°. The underly-
ing reason is that the previously constructive (destructive)
interferences at ¢ ~ +25° become the presently destructive
(constructive) ones at ¢ ~ —25° between the flavorful states
BY — fyfy and BY — f, f;, which finally result in the
considerable change in the B — oo and B? — o f;) decay
rates. Maybe the precise tests in the future on this relation
could help us to distinguish the correct sign of the mixing
angle ¢ in the o — fp mixing.

In order to provide the referenced predictions for the future
measurements, even to find the possible hints for the mag-
nitude and/or sign of ¢, it is essential to present the results
at ¢ ~ —25° for all the above observables that have been
shown. Various predictions in the PQCD approach are pre-
sented in order:

e The CP-averaged branching ratios at ¢ ~ —25°,

B(BY — 0o) =5.107] 5 x 107,

B(B? — o) = 8757320 x 1075; (56)
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Fig. 2 Dependence of the CP-averaged Bg’x — o0, 0fo, fofo branching ratios on ¢ in the PQCD approach, in which the red-solid line, the
blue-dashed line, and the magenta-dotted line correspond to the final states of oo, o fo, and fj fo, respectively

B(B) — o fy) = 1.695%7 x 1075,
B(B! — ofp) = 343573 x 1074
B(BY — fofo) =3.61%( g5 x 107°,
B(B? — fofo) = 410545 x 107*.

e Several ratios at ¢ ~ —25°,

B(BY — o0)
/fo _ d +0.36
RZU 0= 0 =3.02753],
B(B; — o fo)
0
RO — B(B; — ofo) 4.68+074
dfo = 0 = +.08_¢ 79>
B(B; — fo/fo0)
B(BY - 60)
o/fo _ d +2.38
Ry = — L ——— = 14.1375¢;,
B(B; — fofo0)
B(BY - c0)
ROo — s — 0.2610-00
7 B(BY — o fo) —0.07°
0
folo _ BBy = fo.fo) +13s
R =——— - =469 ,
s B(BY — o0) —1.04
foje _ BBY = fofo) — 1201042
sho = B(BY > ofy) 036
S
oo _ B(B? - GU) — 1.72+0‘51
s/d B(Bg — 00) —0.43
oty  BOY = 0fo) _ g 363

s/d = B(BY — o fo)

B(B{ = fofo) _ | 144031
R0 e 405

fofo —
/47 BBY — fofo)

x 107

(57)

(58)

(59)

(60)

(61)

(62)

(63)

e Possible four-body decays to (777 ™) o (1) (T T 7) o)

at p ~ —25°,

BR(BY — o(— ntn 7)o (= ntn7))

=2.29%052 % 1077,

@ Springer

(64)

BR(B) = o(— ntan7) fo(— ntn7))
0.22 -5
=0.51%75 x 107,
BR(B) — fo(— n7n7) fo(— nn7))
0.16 —6
=0.73%755 x 107°,
BR(B! — o(— ntn 7)o (= ntn7))
=3.93"]30 x 1073,
BR(BY — o(— ntn7) fo(— ntn 7))
0.51 —4
=1.03%3¢ x 1077,
BR(B? — fo(— n+rr_)f0(—> n+7r—))
=0.83103) x 107%,

(65)

(66)

(67)

(68)

(69)

e Possible four-body decays with fy — KTK™ at ¢ ~

—25°,

BR(B) — o(— ntx7) fo(— KTK™))
0.09 -5
=0.18%7 09 x 107,
BR(BY — fo(— ntn7) fo(— KTK™))
0.11 —6
=0.26%1] x 107°,
BR(BY — fo(— KTK7) fo(— KTK™))
_ +0.04 -6
=0.09700¢ x 107°,
BR(BY = o(— ntn7) fo(— KTK))
0.19 —4
=0.38%7 x 1077,
BR(B{ — fo(— ntn7) fo(— KTK™))
0.12 —4
=0.30"75 x 1077,
BR(B) - fo(— K*K™) fo(— KTK™))

=0.10750% x 107,

(70)

(71)

(72)

(73)

(74)

(75)

All the above predictions in the PQCD approach await the
future tests with good precision at LHCb and/or Belle-II, etc.
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3.2 CP-violating asymmetries

Now, let us turn to analyze the CP-violations of the neu-
tral B-meson decays into oo, o fy, and fo fy in the PQCD
approach. In the analysis of the CP-violating asymmetries
for the ng s = 00,0f0, fofo decays, the effects of neu-

tral BY  — BY mixing should be taken into account. The
CP-violating asymmetries of Bg S(L_?S ;) = 00,0 fo, fofo
decays are time dependent and can be defined as

r (Bg,s(At) - fCP) -r (BS,S(AI) - fcp)

r (ég,s(m > fep) + T (BY, (A0 > fer)
AL cos(Amg s Al) + ABX sin(Amg sAr),  (76)

Acp =

where Amg s is the mass difference between the two BS) s
mass eigenstates, At = fcp — t4¢ 1s the time difference
between the tagged Bg’x (ES,S) and the accompanying Bg,s
(Bg’ ;) with opposite b flavor decaying to the final CP-
eigenstate fcp at the time 7cp. The direct and mixing-induced
CP-violating asymmetries AdCi{J and Ag‘li," can be written as

2
d,s
Acp| —1 d,
2’ = 2
d, d,
g P L+
where the CP-violating parameter Aé’lf can be read as
. Vi Via ( fop| Hesr| B)
CP — f V V* [N
wVig  (fep|Heit| By)
o Vi Vis ( fop| Hetr| BY) (78)

=15y, (fcp| Hetr| BY)

with the CP-eigenvalue of the final states ny = +1. Notice
that, for the strange B-meson decays, due to the presence
of a non-negligible ATl's, a non-zero ratio (AI'/T") B is
expected in the standard model [79,80]. Thus, for BA? —
00,0 fo, fofo decays, the Al's-induced CP-violation Aéll; s
can be defined as follows [80]:
N
éPFS _ ZRe(ACP)z. (79)
il
The above three quantities describing the CP violations in
BA? meson decays shown in Eqs. (77) and (79) satisfy the
following relation,

|Adlr|2 |Am1x|2 + |AAFV|2 (80)

By the numerical evaluations, the direct and the mixing-
induced CP-violating asymmetries Adclrr, and Agp for the
B((i) — 00,0 fo, fofodecays are collected as

+4.82 +4.57 +0.51
—74.667, 55 (wp) T5 35 (B/) 15,

x (BT 35@) 480 @n 1333 (v) x 1072, (81)

AE(BY) - 00) =

AG(BY — ofo) = =37.22 350 SEBD I
x(BH 33 (@) 350 T (V) x 1072, (82)

AB(BY — fofo) = —65.96135

+3.68  pny+1.31 4330, \+0.19
x(@p) T3 15 (B 3(B) T4 (@) g 1o

x(a) 185 (v) x 107% (83)
and

&' (Bg — 00) = —41.671 35 (@p) (BN 1335

X (BH 3T (@) a8 @) T3t (v) x 1072, (84)

& By > ofo) = ~92.771 1 (@) 53]

X (B O (BH T @) T I (an 0T (V) x 1072, (85)
EX(BY — fofo) = —T43173 38 (0p) s (BHT1
x (B350 5% @) 18 (V) x 1072, (86)

The large direct CP-violating asymmetries indicate that
these Bg — 00,0 fo, fofo decays contain the large tree
amplitudes and the large penguin amplitudes simultaneously,
which could be evidently seen from the decay amplitudes as
shown in Table 3 and then lead to significant interferences
between these two amplitudes. In light of the predicted large
decay rates around 10~°—107> in the PQCD approach, it is
expected that these large direct CP-violating asymmetries in
the considered neutral Bg-meson decays into oo, o fy, and
fofo could be confronted with the relevant experiments in
the future.

And the direct, the mixing, and the AT s-induced CP vio-
lations Adcilr,, Aglfi,", and Aéfl:s for the BS0 — o00,0fo, fofo
decays predicted in the PQCD approach are as follows:

AG(B) — 00) = —4.10500 (wp) )33 (B 101

x (B @) 0@ 3 (v) x 1072, (87)
AG(B) — o fo) = —11.761 1 (wp) 11 35BN 16

X (B @ 5@t (v) x 1072, (88)
AZH(B] = fofo) = 4.5555 05 (wp) 1) 13(BN 510

< (B3] (@) T038@n (V) x 1072, (89)

and

& (B — 00) = 1150108 (wp) 1 (BHLG0

< (B 0@ 0 73@n 3 (V) x 1072, (90)
& (8] > ofo) = 3361535 @) g7 (B) 517

< (B3 @) 5@ (v) x 1072, 1)

mIX(BO — fOfO) — 2-874—0.58( B)+0 42(Bn)+0 .03

0.45 0.05
X (B 38 (@) 030 T (V) x 1072, (92)
and

I's .
Agp* (B! = 00) = 992517 @m) G35 (BD 551
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Fig. 3 Dependence of the direct CP-violating asymmetries Adcilg(Bgis — o0, 0fo, fofo)on ¢ in the PQCD approach, in which the red-solid line,
the blue-dashed line, and the magenta-dotted line correspond to final states oo, o fy, and fy fo, respectively

X (B0 @ @00 (v) x 1072, (93)
cp*(BY = afo) = 99.25 (3 (@m) LGB 00
x(B )02 (@) oA @) T (V) x 1072, (94)

Agp* (B = fofo) = 99.86 051 (wp) 8§(B s
X (B 505 @) 003 @01 (V) x 1072, (95)
Different from the BS — o0, 0fo, fofo decays, the highly
smaller direct CP-violating asymmetries are obtained for
the corresponding BS0 decays in the PQCD approach. As
seen from the related decay amplitudes in Table 3, the fact
is that, relative to the suppressed (enhanced) CKM matrix
element |V;4|(|Vyuql|) in the Bg decays, the enhanced (sup-
pressed) one |Vis|(|Vys]) in the BS decays contributes to
the penguin (tree) amplitudes remarkably, which eventu-
ally weakened the interferences between the tree and pen-
guin amplitudes. Nevertheless, a bit large direct CP violation
AdCi{)(B? — o fp) ~ —10%, associated with the large branch-
ing ratio B(B? — o o) ~ 107, could be tested at the LHCb
and/or Belle-II experiments in the (near) future.

Similarly, we also plot the variation of the direct CP-
violating asymmetries Adcif) of the neutral B-meson decays
into oo, ofp, and fofy with the mixing angle ¢ €
[—90°,90°] in Fig. 3. It is noted that, for the Bg-meson
decays, their direct CP violations shown in Fig. 3a slightly
change from near —40% ~ —70% at ¢ ~ +25° to about
—60% ~ —T70% at ¢ ~ —25° however, for the B?-
meson decays, their direct CP violations presented in Fig. 3b
vary dramatically with a total sign-changed, specifically,
ASL(BY — o00) from —4% to +7%, ASL(B? — o0)
from —12% to +7%, and AIL(B? — o0) from +5% to
—6%, respectively. Therefore, we here also present the CP-
violating asymmetries for the Bg’s — 00,0 fo, fofodecays
at ¢ ~ —25° in the PQCD approach explicitly as follows:

e For the B) — 00, 0 fy, fofo decays,

AZ(B) — 00) = —57.387591 x 1072,

@ Springer

OX(B) — o) = —78.417383 1072, (96)
A (BY — ofo) = —66.68770¢ x 1072,
OX(B) — ofp) = 411871220 x 1072, 97)
AE(BY — fofo) = —T1.77F 175 x 1072,
ATX(BY — fofo) = 67407322 x 1072 (98)
e Forthe B — o0, 0 fo, fofo decays,
AZ(BY — 00) = 6.837035 x 1072,
ABX(BY — 00) = 8.697111 x 1072, (99)
AZ(BY — o fy) = 6.58T008 x 1072,
S (BY — o fo) =7.047130 x 1072, (100)
AZ(BY — fofo) = 6457120 x 1072,
DX(BY — fofo) = 22470715 x 1072, (101)
and
ot (B = o) =99.391012 5 1072,
FS(BO — ofp) =99.537012 x 1072, (102)
A& (BY — fofo) = 99.77709 x 1072 (103)

By combining all the numerical results on the CP-averaged
branching ratios and the CP violations for the neutral B-
meson decays into oo, o fy, and fy fy at both of ¢ ~ 425°
and ¢ ~ —25° in the PQCD approach, it is expected that the
near future experiments could find some useful information
on the magnitude and/or the sign of the mixing angle ¢,
especially in the B? — oo and o fy channels.

4 Conclusions and summary

In this paper, we have investigated the Bg’s — 00,0 fy, and
fo fo decays through calculating the observables such as the
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CP-averaged branching ratios and the CP-violating asymme-
tries within the framework of PQCD approach. Due to the
undetermined inner structure of the light scalars below 1 GeV
in the hadron sector, we made this PQCD analysis by consid-
ering the o and fj as the conventional two-quark-structure
mesons in the product of B meson decays. With the refer-
enced value ~ £25° of the mixing angle ¢ in the quark-flavor
basis, the numerical results in the PQCD formalism show that
all the six decay channels of neutral B-meson decays into
oo, 0fy, and fo fo have large decay rates and are expected
to be confronted with the related experiments through the
four-body modes with o/fy — 77~ in the (near) future.
Of course, if the fy — KTK~ could be identified clearly
from the tail of the $ — K™K ~, then some of the four-body
modes such as ngs — o(—= ntn7) fo(— KTK™) and
BY — fo(— ntn~/KTK™) fo(— KTK™) could also be
examined in the future experiments. It is worth mentioning
that, different from those in the B — PP, PV, V'V decays,
the non-factorizable emission diagrams of the Bg .
00,0 fo, fofo decays in this work give large contributions
because of the anti-symmetric behavior of the leading-twist
distribution amplitude of the scalar mesons. The effective
constraints from experiments and/or the reliable calculations
from Lattice QCD are very important for studying the light
scalars in the heavy meson decays. Relative to the BA? decays
with suppressed tree amplitudes, the significant interferences
between both of the large tree and penguin amplitudes in the
Bg decays contribute to the large direct CP violations. It is
expected that these related PQCD analyses could provide
useful information to constrain both magnitude and sign of
the mixing angle ¢ between the o and f with the help of the
future precise measurements. Honestly speaking, the deter-
mination of the mixing angle ¢ with its magnitude and sign
indeed rely on the sound constraints on the light-cone distri-
bution amplitudes of scalar flavor states f,, and f; at both of
theoretical and experimental aspects. Of course, the possible
final state interactions or re-scattering effects, though existed
as they should be, have to be left for future studies elsewhere.
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