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Abstract: The magnitude of the direct CP asymmetry generated during the weak decay of hadrons is attributed to

the weak phase and certain strong phases. The weak phase originates from the CKM matrix, while a strong phase

may result from the resonance effect produced by the mixing of vector mesons V{p0(770), w(782), ¢>(1020)} to

't~ meson pairs. p0(770) can decay directly into 7% 7~ meson pairs; both w(782) and ¢(1020) can also decay into

tn~ meson pairs, with a small contribution from isospin symmetry breaking. The main contribution for the middle
state vector meson p0(770) —w(782)—¢#(1020) interference is the mix of p0(770), w(782)— p0(770), and
#(1020) — p°(770). We calculated the CP asymmetry and decay branching ratio for B(s) - 7t~ 7% KO)within the
framework of QCD factorization and compared them with previous studies. We also analyzed the Bg . ()

decay process. The results show that the CP asymmetry of these four decay processes is significantly enhanced, es-
pecially for the Bg — ntr KO decay process. Moreover, the decay branching ratio also changes under the reson-

ance effect. These results might provide support for the experimental analysis of the B meson.
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I. INTRODUCTION

The non-leptonic decay of hadrons containing heavy
quarks plays a crucial role in testing the Standard Model
(SM) by examining the charge parity (CP) asymmetry
mechanism in flavor physics [1, 2]. It can also enhance
our understanding of Quantum Chromodynamics and
help in discovering new physical phenomena beyond the
SM. The result of CP asymmetry is related to the weak
phase in the Cabibbo-Kobayashi-Maskawa (CKM) mat-
rix, which describes the mixing of quarks from different
generations. In addition, a strong phase is also required to
observe CP asymmetries [3]. Typically, this strong phase
is provided by several phenomenological models and
QCD loop corrections. Similarly, the generation of these
phases may affect the decay process of vector mesons,
CP asymmetries, and even decay branching ratios. Re-
cently, attention on CP asymmetry and the decay branch-
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ing ratio in the B meson system has increased in both the-
oretical and experimental terms. The study of B meson
decays has gradually shifted from the analysis of two-
body decays to the analysis of three-body decays, which
has been widely carried out [4—6]. In recent years, the
BABAR, Belle, and LHCb collaborations have measured
various CP asymmetry and branching ratio parameters for
three-body charmless B decays in experiments [7—9]. In
theory, a fully developed and widely used approach has
been established to calculate the hadron matrix elements
of B meson non-leptonic weak decay. It includes naive
factorization [10, 11], QCD factorization (QCDF) [12—
14], perturbative QCD (PQCD) [15—17] approaches, soft
collinear efficient theory (SCET) [18, 19], and factoriza-
tion assisted topological-amplitude approach (FAT)
[20—-22].

Inspired by the achievements on two-body B decays,
we followed a quasi-two-body approach in this study to
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calculate the three-body decay process of the B meson
under the resonant effect. The vector resonant effects are
described using the common Breit-Wigner formalism,
and a strong coupling is used to explain the subsequent
two-body decay of the vector meson. Under the reson-
ance contribution, the vector meson dominance model
(VMD) predicts that the vacuum polarization of the
photon is entirely composed of vector mesons of p°(770),
w(782), and ¢(1020) [23]. The transitions of w(782) and
#(1020) decay into 7"z~ meson pairs, which originate
from isospin breaking related to the mixings of w(782)—
0°(770) and ¢(1020)—p°(770). Given that the decay rate
of p°(770) — a*n~ is 100% [24], the mixing of intermedi-
ate particles p°(770), w(782)-p°(770), and ¢(1020)—
0p°(770) is mainly considered in our theory, ignoring the
interference from other processes. In addition, the strong
phase from the three-body decay can be produced by in-
termediate resonance hadrons associated with the Breit-
Wigner form. A new strong phase is formed through the
mixing of the intermediate resonance hadrons and is com-
bined with the weak phase calculated from the CKM mat-
rix. We propose a matrix composed of hadrons to con-
nect the intermediate state of the decay process with the
physical state of the isospin state [25]. The interference
caused by the three mesons, namely p°(770), w(782), and
#(1020), can be solved by dynamical mechanisms. The
analysis of vector meson resonance has greatly contrib-
uted to the understanding of particle properties and
meson interactions [26].

In previous calculations of CP asymmetry theory, we
investigated the non-leptonic decay processes of
B® — p°(770)n°(K®) — n*n 7%(K°) with the interference
using PQCD [27]. The PQCD approach incorporates
QCD corrections owing to transverse momentum and in-
troduces the Sudakov factor to suppress non-perturbative
effects. Endpoint divergence is regulated by including the
parton transverse momentum ky and Sudakov factor at
the expense of modeling the additional k7 dependence of
meson wave functions. Annihilation corrections are in-
cluded. The non-perturbative contribution is contained in
the hadron wave function. In the latest theoretical calcula-
tions of the decay branching ratio, in addition to the
PQCD approach, the FAT approach is also introduced
[28], which includes the non-perturbation and non-factor-
ization contributions of two-body B decays. The decay
amplitude of two-body charmless B decay is divided into
different electroweak topological Feynman figures under
SU3) symmetry. By globally fitting all experimental
data for these decays, the topological amplitudes, includ-
ing the nonfactorizable QCD contributions, are extracted.
However, the precision of this topological approach is
limited by the size of the S U(3) breaking effect.

In this study, we applied the QCDF approach to study
and compare the results of new calculations with previ-
ous ones, and to assess the accuracy of the theoretical

QCD calculations. We extended the two-body decay fra-
mework to describe the three-body decay process under
QCDF, where the strong interaction is divided into a hard
scattering part (perturbative calculation) and a non-per-
turbative part involving light components (such as the
form factor and light cone distribution amplitude). For
three-body decay, we considered the case of a cascade
decay via two-body decays (B— VP —a*n P) by a
quasi-two-body approximation, thus preserving the fra-
mework of QCDF, which assumes that p is on-shell. The
processes were decomposed into B— VP and V — n*n.
The resonance effect was introduced using the Breit-
Wigner form. When we calculated the CP asymmetry and
branching ratio, the three-body phase space integration
was converted to integration over the intermediate state
invariant mass s = m., and the resonance region s ~ m’
was assumed to dominate the contribution. At this point,
the hard scattering part of the QCDF depends only on s,
while the non-perturbative part remains in the same form
as that of the two-body decay. Within the framework of
the QCDF, the analysis of the B meson decay can set the
b-quark mass to infinity and ignore the higher-order con-
tribution of 1/m,; the two-body non-lepton decay amp-
litude can be expressed as the product of the form factor
from the initial to final mesons and the light cone distri-
bution amplitude of the final meson in the heavy quark
limit. When mj, — oo, 1/m;,, becomes negligible; thus, the
contribution of 1/m, power corrections is not considered.
The logarithmically divergent integral is usually paramet-
erized in a model-independent manner and explicitly ex-
pressed as fol dx/x — X, [29]. We calculated the CP asym-
metry result of B — V(0°(770), w(782), $(1020))n°(K°®) —
n*n n%(K®) decay process and compared the influence of
PQCD and QCDF on CP asymmetry under the resonance
effect. CP asymmetry and local integration results of the
two attenuation processes of BY — V(0°(770), w(782), ¢(
1020)n(n") — m*n~n(n’) were also obtained. Subsequently,
we calculated the decay branching ratio of these four de-
cay processes under the resonance effect and the decay
branching ratio without the resonance effect and com-
pared these results with the latest theoretical results. The
PQCD approach provides results only for the direct de-
cay process, while the branching ratios of three-body B
decays studied under the FAT approach consider the vir-
tual effects of intermediate resonances p°(770), w(782),
#(1020) on quasi-two-body decays. We compared and
analyzed these results as well. We also explored the role
and contribution of resonance effects on the decay pro-
cess B - n*nP.

The overall structure of this paper is as follows. In
Section II, we introduce the resonance mechanism in
Subsection A, briefly explain the QCDF approach in Sub-
section B, and present the amplitude involving the
p°%(770), w(782), and $(1020) interferences in Subsection
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C. Then, in Section III, we present the computational and
local integral forms of the CP asymmetry as well as the
branching ratios of the three-body decay process in Sub-
sections A, B, and C, respectively. In Section IV, we ana-
lyze the curve results of CP asymmetry in these decay
processes and calculate the local integral CP asymmetry
and decay branching ratios in different phase space re-
gions. Conclusions are presented in Section V.

II. CALCULATION OF AMPLITUDE UNDER
QCDF

A. Introduction of resonance mechanism

According to the vector meson dominance model
(VMD), e*e™can annihilate into a photon y, whose vacu-
um polarization is dressed by coupling vector mesons
p°(770), w(782) , and ¢(1020). These vector mesons can
then decay into 7*z7~ meson pairs. The VMD success-
fully describes the interaction between photons and had-
rons [23]. The p°(770)-w(782)— ¢(1020) interferences
are caused by the difference in quark mass and electro-
magnetic interaction effects; they can decay directly into
#*x~ meson pairs. Besides, the transitions of w(782) and
¢(1020) decay into 7"z~ meson pairs, which originate
from isospin breaking related to the mixing of
w(782) - p°(770) and ¢(1020) — p°(770) [25]. We establish
a resonance effect by considering the interference caused
by the mixing of three intermediate state particles
(0°(770), w(782), ¢(1020)). Given that the resonance ef-
fect is not a physical representation, a matrix is construc-
ted to transform the isospin field into a physical repres-
entation. The relationship between the isospin field
(pr,wr,¢;) and physical representation (p,w,$) can be de-
scribed by the matrix, while ignoring the contribution of
higher order terms. To facilitate readability, we use p,w,
and ¢ to represent p°(770), w(782), and ¢(1020), respect-
ively. It can be expressed as

P i) wilp)  {¢ilo)

w | =] (pilw) (wlw) (¢lw)

¢ pilg)  (wild)y  (ild)

pi 1 —Fpu(s)  —Fpy(s)

w | =] Ful 1 —Fus(s) [, (D
¢1 Fop(8) - Fug(s) 1

where Fyy(s)(V =p,w,¢) is of order O(1), (1<« 1) [25].

Based on the isospin field p;(wy,¢;), we can construct the
isospin basis vectors |I,13), where [ and I; are the isospin
and its third components, respectively. Thus, physical
states can be represented as linear combinations of basis
vectors in a matrix. We used orthogonal normalization to
obtain the relationship between the physical state of the
particle and the isospin basis vector. Thus, the physical
manifestation of this form can be clearly expressed as
0 =p1= Fou(S)wi = Fos(s)P@p, w = Fp,($)p;+wp— Fue(s)Py,
O = Fp¢(s)p1 + Fw¢(5)(,t)1 +®@,.

Considering the physical and isospin representations,
we define the propagators as Dy,y, =(0|TV;V,|0) and
D}, \, =(0|ITV{V3|0), respectively. V; and V, of Dy,y,
refer to any two of the three particles p, @, and ¢ in phys-
ical fields. Incorporating p,w,¢ from the physical fields
into the definition of Dy,y,, we found that the forms D,,,
D, ,and D, are identical. Given that there is no mixing
of three vector mesons in the physical representation,
Dy,v,1s equal to zero. We deduced these processes about
propagators in detail in a previous theory [29]. In addi-
tion, according to the physical state expression of the
two-vector meson mixing, the parameters of F,, are of
the order of O(1) (2 < 1). Given that the multiplication of
multiple terms in the equation represents a higher-order
term, its effect is suppressed and can be neglected. In this
study, we only considered the process involving p be-
cause the CP asymmetry of n*x~ meson pairs produced
by the mixing process of @ and ¢ is almost absent under
the resonance effect. We can define new mixing paramet-
ers based on decay width and mass [30]:

[

I, = Fopo(s—m; +im,L,) = F (s — mi +im,I',),

©

I,y = Fo(s—m; +impl,) — Fop(s — m; +imyly), 2)

A

where I'y and my represent the decay width and mass of
vector mesons V (V = p,w, ), respectively. The propagat-
or sy of vector meson is associated with the invariant
mass +/s, which can be expressed as sy =s-mi+
imyI'y. The vector resonance I'y(s) for the energy-de-
pendent width can be expressed as [31]

Ty(s) =Ty (;)3 ("\’/VE) X2(qraw), (3)

where the expression for the Blatt-Weisskopf barrier

factor X%(grpw) is \/[1 +(qorsw)?] | [1+(qrsw)?], q=

3 \/[S = (s +m-)?] [5= (Mg —me-)?] /s is the momentum

of the final state 7* or n~ in the rest frame of the reson-
ance V, and g is the value of ¢ when s =m3,. The value
of the barrier radius rpy is 4.0 (GeV)! for all resonances
[32]. In this study, we considered the vector resonance
state for the full width value I'y, which comes from the
fact that PDG of the decay fractions for p into n*n~ is
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100%, with the full width of p being 149.1£0.8 MeV; w
into 77 is 1.537011%, with the full width of w being
8.68+0.13 MeV; and ¢ into 77~ is (7.3+1.3)x107%,
with the full width of ¢ being 4.249 +0.013 MeV [24, 33].
These data were also used in subsequent calculations of
the decay width.

In addition, the mixing parameters of w—p and ¢—p
were extracted from the e*e” — n*n~ experimental data
[34, 35]. To better interpret the mixing of w—p and ¢ —p,
we define

2 .
- (s—mp +im,[)I,,
pw

(s=m2+im,[,)—(s—m2 +im,[,)’

(s—m} +im,[,)

I, 4)

C(s—m2+im, L) = (s—m+imgly)’

The mixing parameter, including both resonant and non-
resonant contributions, depends on the momentum. More-
over, it absorbs the direct decay processes w — n*n~ and
¢ — n*n~ from the isospin symmetry breaking effect,
which are obtained from sources unrelated to the studied
decays. The mixing parameters of I, (s) and Iys(s) de-
scribe the momentum dependence of w—p and ¢—p in-
terferences, respectively [36]. They were fitted by Gard-
ner and O’Connell [37, 38] and measured by Wolfe and
Maltman [35, 36]. I1,,(s) and ILs(s) can be expressed in
the form of real and imaginary parts:

IL,,(s) = RelL,,(m2) + ImIL,,(m2),

TL,4(s) = RelLy(m3) + Sl (m2). (5)

Numerical results for the real and imaginary parts of
the w—p(¢—p) mixing parameter Ilw(Ilp) at s=m?
(s = mj) are as follows [36]:

Rell,,, (m2) = 4760 + 440 MeV?,
Smll,,(m) = 6180 + 3300 MeV?;
Rel,y(m2) = 796 £312 MeV?,

ImIL,(m3) = —101 £ 67 MeV>. (©)

B. QCD factorization

Beneke et al. argued that the form factor for B to fi-
nal hadron transition is mainly contributed by the non-
perturbative region. The non-factorization effect of had-
ron matrix elements primarily arises from the exchange
of hard gluons in the two-body non-light decay of the B
meson. They proposed a new approach for computing
hadron matrix elements known as QCD factorization [12,

39]. The low energy effective Hamiltonian form for the
non-light and weak decay of B meson decays can be ex-
pressed as [40, 41]

G
Her = 7; DV {cmgﬂm +Co() Q4w

g=u,c

10
+ 3 Crl) Qx () + Cry (1) Oy (1) + cgngsgw}

k=3
+H.c.,

(M

where V, is the factor associated with the CKM matrix
element. The Wilson parameter C; can be calculated us-
ing perturbation theory and renormalization group ap-
proaches. Q; is a valid operator for localization [41]:

the current-current operator is expressed as follows:

01 = (Coba)v-a(Gscs)v-a,

05 = (Cobp)v-a(Gpce)v-a, (8)

01 = (itobo)v-a(Gsug)v-a,

05 = (habp)yv-a(Gputa)v-a,
the QCD penguins operator is expressed as follows:
Qs = Gubo)v-a ) (Gpap)v-r;
Qs = @sbelv-a ) @, gp)v-1,
Qs = Guba)v-a ) (@papvn-

Qs = (Gpba)v-a Zq, (o4p)v+as ()]

the electroweak penguins operator is expressed as fol-
lows:

0r= 2ab Y er G,
0s=3@bv s Y er@apvin,
Qo = %(qabam >, e @pva
Qo= %(Elﬁbn)v—A Zq, ey (Goqp)v-as (10)

and the magnetic penguins operator is expressed as fol-
lows:

e _ v
Q77 = meqa(r” (1 +'y5)baF/w,

Qs = 5y Moda™ (1475 )by Gl (1
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where (giq;)v.a = Giy,(1£ys)q; and g’ corresponds to a
certain energy scale; we can take the flavor of all the free
quarks at this energy scale. The weak decay of the B
meson is u~ O(m,) in the energy scale and ¢ €
{u,d,s,c,b}; e, is the charge of the quark ¢'; o and f are
color indices.

When dealing with the decay of the baryons into two
mesons M; and M,, the decay amplitudes are usually di-
vided into emission and annihilation parts according to
the topology structure. In the heavy quark limit, the emis-
sion part can be expressed as the product of the decay
constant and form factor, while the weak annihilation part
is generally considered to be suppressed by power. Ac-
cording to Eq. (7), the decay amplitudes of the B meson
into the final state of the emission (Ag) and weak anni-
hilation (A ) parts have the following form [42]:

AL(B — M My) = % S5V, (M M 10, B

g=u,c i
(12)
G
Aw(B — M My) = @ DO Vafshu fubi(Mi, M),
g=u,c i
(13)

where af(u) are flavour parameters that can be expressed
in terms of the effective parameters «/, which can be cal-
culated perturbatively and has been demonstrated in a
previous study [39]; fz, fu,, and fy, are the decay con-
stants associated with the initial and final mesons; the nu-
merical results are usually extracted using experimental
approaches.

In the heavy quark limit, ignoring the correction of
Agcp/my, to the leading order, the effective operator of
the hadron matrix element (M;M,|Q;|B) can be calcu-
lated by the following formula using the QCDF:

(MM, |Q;| B

1
= Zj FiM / AxT () @yr, () + (M & M)
0

1 1 1
" / aé / dx / OTI(E x,3) D3Py, (DD, ), (14)
0 0 0

where Ff}_'Ml represents the transition form factor of
B— M,, T]; and T!" are the computable hard scattering
parts of the perturbation theory, and ®x(x) is the optical
cone distribution amplitude of the quark—Fock state of
the hadron, where the final hadrons M, and M, are both
light mesons, or M; is a light meson and M, is a heavy
quark even element. Then, when M,; is a heavy meson

and M, is a light meson, the hadron matrix element form

is

1
(MM |Qi1B)y = Fj™" / ATy, (). (15)
0

The calculation of hadron matrix elements in the two-
body decay of the B meson becomes more straightfor-
ward using Egs. (14) and (15). The non-perturbation ef-
fect is reflected in the amplitude and shape factor of the
meson optical cone distribution. The form factor ¥ f_)M‘ is
a physical quantity that contains both hard and soft con-
tributions (therefore, the hard contribution needs to be
subtracted from the hard scattering functions 7;; and T/").
This form factor can be determined from experiments on
the semi-light decay of the B meson or from QCD theory.
The light cone distribution amplitude of mesons can also
be extracted from other hard scattering processes. The
leading order of the decay amplitude corresponds to the
contribution of naive factorization. In the heavy quark
limit, the radiative corrections to the leading order can be
calculated for all orders of «, without considering the
1/m, power correction.

Similarly, the weak annihilation contributions are de-
scribed by the terms b; and bF". They are expressed as

C .
by(My, My) = ﬁiclAuMl,Mz),

c

C .
by(My, My) = N—§c2A3<M1,M2),

c

C . .
ba(My My) = 5 { C3AY (M M) + Cs AL (M, M)
+[Cs+N.Cel A§ (M, M)},

C . .
by(M,, M>) = ]\71; {CaAL (M, My) + CoAY (M, M) }
C ) .
DY (M1 My) = 5 { Col (M, Ma) + CrAY (M, M)

+[Cr+ NCs] AL (M), M2},

C . .
bEY (M, My) = ﬁi {CroAN(M,, M) + CsAS(My, My) }, (16)

where the annihilation coefficients b,, correspond to the
current-current operator Q,,, the coefficients by, corres-
pond to the QCD penguins operator Qs.¢, and the annihil-
ation coefficients b%} correspond to the electroweak pen-
guins operator Q;.19. The amplitude A%/ (n = 1,2,3) comes
from the annihilation contribution. The superscript i
refers to gluon emission from the initial-state quark
whereas the superscript f refers to gluon emission from
the final-state quark. The form of A%/ was confirmed in
Ref. [39]. Besides, we managed the endpoint integrals of
these logarithmic divergences arising from the hard scat-
tering process involving the spectator quark. We exten-
ded phenomenological parameters to express it in the
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form of X = fol dx/x = (1+pae®)(Inmg/A;) , which is cal-
culated according to the method described in Refs. [12,
43, 44], where one may assume p4 <0.5 and arbitrary
strong phases ¢,4. In practice, we calculated the CP asym-
metry for p, =0.25,0.5 and ¢, =0,7/2,7,37/2, respect-
ively. The value of A, was set to 0.5 GeV. Regarding the
values of the parameters ¢, and p,, we followed the
latest achievements and applied the latest constraints, as-
signing an uncertainty of +0.1 to ¢, and +20° to p,.
QCDF has been shown to be effective in the calculations
of the non-light and weak decays of the B meson, includ-
ing chirally enhanced corrections.

C. Amplitude of B! - n*zn~ P involving p—w—¢
interference

Under the framework of QCDF, we analyzed the res-
onance effect generated by mixing intermediate particles
for CP asymmetry and branching ratio of B°. The decay
processes B’ — n*x P involving p(w,$) mesons are
shown in Fig. 1, where P represents the final pseudo-scal-
ar meson. Considering the p — n*n~ process from isospin
symmetry breaking, we conclude that the vector meson to
n*n~ can be attributed to the existence of w—p and ¢—p
meson intermediate states of resonance effect. Therefore,
we only considered the decay process of the key interme-
diate state particle p — n*7~and dismissed the p~ — 7~n°
and p* — n*n° decay processes in our approach. The in-
fluence of the resonance effect on CP asymmetry, consid-
ering the interference of intermediate particles, is shown
in panels (b), (c), (e), (), (h), and (i) of Fig. 1. Taking
Fig. 1(b) as an example, B? decays into w mesons and
pseudo-scalar meson P, w can decay into p mesons first

and then these p mesons decay into 7"z~ mesons. In this
process, the resonance effect generated by the interaction
between @ and p mesons is involved, and the CP asym-
metry and branching ratio in the resonance state can be
calculated.

To the first leading order in isospin breaking, the
main contributions come from panels (b) and (c) in Fig.
1. Therefore, the CP asymmetry results shown in panels
(a), (b), and (c) were further calculated. The CP asym-
metry results are significantly suppressed in the other
processes where the decay rate is relatively low under the
resonance effect, so we did not consider them.

We employed a quasi-two-body decay process to cal-
culate the CP asymmetry and branching ratio. In the two-
body decay of the B meson, the form factor governing the
transition from the initial to the final hadrons is domin-
ated by non-perturbative effects [45]. We can calculate
the perturbative contribution associated with the hard
gluon from the QCD correction. In the three-body decay
process, we adopted the naive Breit-Wigner form for p
with pole mass m, = 0.775 GeV and width p = 0.149
GeV [46]. For example, the decay process of B’ —
p(p — n*x)n" can be expressed as

pﬂo |(]—{eﬂ|B?> <7T+7T7 ’ﬁpnﬁr’ }P>

—m2 +1i
s—my+im,l,

Mp: < s (17)

where H,.- denotes the effective Hamiltonians of the
strong processes p -, s—mﬁ+impl" » 1s the Breit-
Wigner form for the propagator of p, and s is the invari-
ant mass squared of mesons #* and 7.

Next, we present the decay amplitude for the quasi-

+
_ 0 m _ w-p 4 _ ®-p m
Bs m K m B? m
(a) P by P (c) P
+ + +
B w m B o-w " _ b-w m
2 g B? - B! m
(d) e) ) P
+ + +
B 0 m _ w-o m pP-® m
B! i B! " B "
(9) P (h)y P (i) P

Fig. 1. Decay processes for the channel of B? — p(w,$)P — ntn~P.
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two-body decay, including both emission and annihila-
tion contributions, for B — p(p — n*7~)n’ under QCDF.

The remaining amplitude forms of B — VP — n*nP are
provided in Appendix A.

Gngir"Ir‘vaf;rf;)
2 \/Esp

{

M (B) - p(p - n*n)n’) = Z
q=u,c

1 1
+§ﬁWmm+§MW@ﬂﬁ}

v

GFgwnﬁr’stfnfw

M(B) - w(w - n'n)n’) = Zq N
=u,c Se

GFg¢7r*7r’ m;,)f(l) *Pr

Vb Vi [b1(m,p) + by (0, m)] = Vi,V {2194(”»,0) +2b4(p, 1)

(18)

Vb Vs [01(1,0) + by (w,7)] =

us

3 3
ViV, m{ bi" (m,w) + Ebfw(w,ﬂ)}},

(19)

3

M(B = g(@ =i’ =3"

S

where V,, Vi and V,, V) are CKM matrix elements, and
Sy, S , and s, are the Breit-Wigner factors. The decay
constants f;, fz, , and f,..4 correspond to non-perturbat-
ive contributions, while the coefficients a,,_, are associ-
ated with the Wilson coefficient C; [47] The form factors
for the process B — ¢ are denoted by Ao , which arise
from non-perturbative effects. Additionally, annihilation
contributions given by b, b, , and b5" were considered
in Ref. [48]. Interestingly, the contribution of the
B? - p(w)n® - n*n~n° decay process is dominated by the
annihilation contribution, while there is no annihilation
contribution in the amplitude of the B? — ¢n° — xtnn°
decay process. Here, e denotes the polarization vector
meson, p, represents the momentum of z, and gy,+,- de-
notes the effective coupling constants, which can be ex-
pressed in terms of the decay width of V — 7™z~ At this
point, the hard scattering part of the QCDF depends only
on s, while the non-perturbative part remains in the same
form as that of the two-body decay. Furthermore, we
define a mass parameter that characterizes the quark mass
related to the meson component in O;. The values of
some input parameters and constants are provided in Ap-
pendix B [24, 49].

III. CP ASYMMETRY AND BRANCHING RATIO

A. Form of strong phase of CP asymmetry

The total amplitude used in the calculations is de-
noted by M, where M represents the sum of the tree
({(m*n~P|H"|BY)) and penguin ((z*z~P|H"|B?)) contribu-
tions. The relative strong phase angle ¢ and weak phase
angle ¢ affect CP asymmetry, where the strong phase
angle ¢ arises from the resonance effect and the weak
phase angle ¢ originates from the CKM matrix. We then

11

Sa;—as

2 2

it

define the new total amplitude as the ratio of the penguin
to the tree contributions [29]:

{ Vo Ve LAR a4y + Ve {fﬂAgw( (20)

M= (x*n PIHT|B))[1 +re'®?], 2D
where the parameter » represents the ratio between the
amplitude contributions of the penguin and tree levels.
Furthermore, considering the interference of w—p and
¢ —p, we can derive a detailed form of the tree and pen-
guin amplitudes by combining the decay diagrams in Fig.
1:

8p—ntn Tp

(r*a"PIH"|BY) = —
s—m2+im,,

I,

8oontr Ty T
(s —mg+im,L,)(s -
8pontn- ﬁp¢ T,
(s —m3+im,L,)(s — mé +imgly)’
(22)

m2 +im,[,,)

gpanﬁr’ Pp
—m2 +1
s—m;+im,[,
g;>4>7r*7r’npwpw

(s— mf, +im,Ip)(s —m2 +im,I,)

(r*n"P|H"|B)) =

8pomtn-1ps Py
(s =m2+im,L,)(s —mg +imyLy)’
(23)

where T, and P, are the tree and penguin contribu-
tions for the BY — p(w,¢)P decay process, respectively. In
this study, the tree contribution is associated with V,,V:,
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whereas the penguin contribution is associated with V,,V;;
in Egs. (18)—(20) and Appendix A; s is the invariant
mass squared of mesons 7"z~ [50]. By using the tree and
penguin contributions, we derived new strong phases.
These phases include P, /T, = rie®*?, Py/T, = re!®*,
T,/T,=re"%, T,/T, =re ,and P,/P, = rse'%. Here 6,,
0y, 6a, 07 , and &5 represent strong phases. The results can
be substituted into Eq. (21). After simplification, we ob-
tain

i6, i6, 6y o TT 61« TT
o6 _ 1€ rse' % 5458, + 12 5,11 + rie s, (24)
748978, I pg + Sp80 + 1360 5411,

The weak phase ¢ is determined by the ratio of V,;,V?, to
VV;, or the ratio of V,, Vi, to V,,V;, in the CKM matrix.
We conclude that sing =71/ /(0 —p*—1%)?>+n* and cos¢ =
(p=p* =)\ (p=p> =P +1P?, or sing=-n/\/p*+1’
and cos¢ = —p/ \/p>+1n? according to the Wolfenstein
parameters [34].

B. Local integral form of CP asymmetry

We provide a reference for future experiments by in-
tegrating Acp over the phase space in this subsection. The
amplitude for the decay process of B? — pr° can be giv-
en by Mf—;g_)p,,o = app - €'(1), where A is the direction of
polarization for e; € is the p mean polarization vector; PR
is the B momentum of the meson; and « represents the
part of the amplitude which is independent of 2. The de-
cay process p— '~ can be described as M, . =
8,€()(p1 — p2), where p,; and p, denote the momenta of
n* and 7~ generated by the p meson [44, 51]. Therefore,
the total amplitude of the B° — pn® — 727" decay pro-
cess can be expressed as

(Ve (4
A:apggiz/l 6"2 ol )%(pl -p2), (25)
‘ 1Y 4

where +/s and /s’ represent the low and high invariant

masses of the 7"z~ pair, and s/, and s/, are the maxim-

um and minimum values of s’ for a fixed s, respectively
. ., . .

[52]. We obtained m;; = p;; by applying conservation of

momentum and energy during the three-body decay pro-
cess. Therefore, the amplitude can be expressed as

A

M2
A:&.M.(O—_s'):(g_sf)./\/(’ (26)
S PR€

where M is the substitution of the previous formula and
o is assumed to be a constant related to s, where
0 = 3 (S} + Siin) - For a fixed s, the differential CP asym-
metry parameter can be defined as Acp = (M-
IMP)/(IMP +|MP). Subsequently, we integrate the de-

nominator and numerator of Acp within the range of

Q (51 < s<s,5; <5 <s,). The resulting localized integ-
rated CP asymmetry is [53]

I dsjlfé ds' (o =) IMP = IMP)
R ds [Fds (- (IMP+IMP)

Q
CcP

@27

Given that s varies in a small region, ¢ can be app-
roximately treated as a constant. Thus, we can cancel the
influence of f;lz ds’ (o —s')* [54]. It is assumed that s/, <
represents an integral interval of the high invari-
ance mass of x*n~, while f;'/"_“ ds'(c—5')* represents a
factor that depends on s. '

’ ’
s < Smax

mi

C. Decay branching ratio under resonance effect

Owing to isospin breaking, the effects of three-
particle mixing on the branching ratios of B’ —
pw,p)n’(K°,n,17) — m*n~n°(K°,n,1') are symmetrical. By
considering the value of g,_.:,- [28], we calculate the
branching ratios of BY — 77~ 7%(K° n,7’) under the three-
particle mixing. The formula for the differential branch-
ing ratios originates from the S-wave contribution repor-
ted by Particle Data Group (PDG) [24]. However, we
consider the process that primarily involves the P-wave
contribution [55]. The differential branching ratios for the
quasi-two-body B — VP — n*x~ P decays are expressed
as [55-57]

dB _ Tquf\qS ﬁ|2 (28)

dé  487°m3,

with the variable given by ¢ =s/mj and the B meson
mean lifetime denoted as 7. Here, ¢ is already explained
in Eq. (3) and ¢, is defined as [28]:

av= [~ 2, o) s+ 5, 29)

where mp is the mass of the pseudoscalar meson ob-
tained from the momentum analysis of the final-state
particle.

IV. NUMERICAL RESULTS

A. Curve results of localized CP asymmetry

We calculated the decay amplitudes for the quasi-
two-body decay process in the framework of QCDF us-
ing Egs. (18) to (20). One can see that the decay amp-
litudes depend on CKM matrix elements, decay con-
stants, form factors, and Wilson coefficients for each fi-
nal state particle. The strong phase ¢ and absolute value r
of the ratio of the penguin to tree amplitudes can be cal-
culated using the QCDF approach and vary for different
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final state particles. Given the previous results, we set the
same threshold range for the resonance effect of vector
meson mixing [6]. The Particle Data Group (PDG) data
show that the masses of p, w, and ¢ are estimated to be
0.775, 0.782, and 1.019 GeV, respectively [24]. We selec-
ted the region 0.65-1.10 GeV within our theoretical
framework, where the resonance effects of mixing w—p
and ¢ —p can be visually observed. This is the main res-
onance region, with the decay process V(o,w,¢) - n*tn~
used to plot Acp as a function of +/s. The change in CP
asymmetry for each decay process under the influence of
the resonance effect is represented in Figs. 2-5.
Moreover, the invariant mass of n*zx~ is shown around
the mass of p(w,$) meson. Therefore, the overall CP
asymmetry is observed for numbers ranging from 0.65 to
1.10 GeV [6]. The results are shown in Figs. 2 and 3,
which illustrate the interrelation between CP asymmetry
and +/s. Note the significant peak in the CP asymmetry
for the four decay modes of B? — p(w,$)n’(K%,n,17') —
ntn (K% n,n") owing to the p, w—p, and ¢—p reson-
ances in Figs. 2, 3, 4, and 5, where p dominates.

Given that B — pr® and B? — wn® have no tree level
contribution for the B — n*n~#° decay mode, the genera-
tion of CP asymmetry is mainly due to the weak annihila-
tion contribution. Its CP asymmetries, ranging from
24.51% to —3.30%, are observed in the resonance regions

0.25¢
020
015

o

< 0.10f

0.05F
0.00 -\J

0.7 0.8 0.9 1.0 1.1

Vs (GeV)
Fig. 2. Curve corresponding to the decay channel of BY —
a0,
1.0
08
0.6
_ 04
VG
02F
0.0
0 N
-04F " " L L L
0.7 0.8 0.9 1.0 1.1
Vs Gev)
Fig. 3. Curve corresponding to the decay channel of BY —
KO,

of w—-p, and significant CP asymmetries ranging from
0.39% to —1.72% are observed in the resonance regions
of ¢—p, as shown in Fig. 2. For the B® — 77" K° decay
process, large CP asymmetries ranging from 97.41% to
—36.51% are observed in the resonance regions of w—p.
In the resonance regions of ¢ —p , CP asymmetries ran-
ging from 7.81% to 2.15% are observed, as depicted in
Fig. 3. Thus, there is a large change in the CP asymmetry
between the resonance regions of w—p for B — n*n K°
and B° — n*n n°; the CP asymmetry varies slightly ar-
ound the ¢ — p resonance range under QCDF.

In addition, we calculated the decay process B? —
V(') - 7t~ n@y). In the SU(3) quark representation of
hadrons, the corresponding parameters are more difficult
to determine owing to the octet-singlet mixing. The Feld-
mann-KrollStech (FKS) mixing scheme was adopted in
this study for n—n' mixing [58]. The parameters in the
calculations can be expressed by f,, f,, and ¢; specific
amplitude forms are provided in Appendix A. The phys-
ical states of the # and 7’ mesons consist of a mixture of
flavor eigenstates, namely 7, and n,. We observe CP
asymmetries ranging from 0.47% to —12.79% within the
resonance range of w—p in the decay channel of B? —
n*n n and CP asymmetries ranging from 5.77% to 0.25%
within the resonance range of ¢ —p in Fig. 4. In the case
of B - n*n ', we found significant CP asymmetries

0.05 J\

0.00

Aep

-0.05

-0.10

. . . . .
0.7 0.8 0.9 1.0 11
Vs (GeV)

Fig. 4.

atnn.

Curve corresponding to the decay channel of BY —

0.05F l

0.00
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Fig. 5.

/
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Curve corresponding to the decay channel of BY —
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ranging from 2.76% to —13.29% within the w—p reson-
ance region, and CP asymmetries ranging from 6.85% to
0.14% within the ¢ —p resonance region, as depicted in
Fig. 5. The CP asymmetry in the decay process B° —
1y’ exhibits a significant variation similar to that ob-
served in the decay process of B? — n*nn, specifically
within the mass resonances of w—p. Similarly, the CP
asymmetry of these two decay processes also varies in the
¢ — p resonance region.

These results were obtained using the central para-
meter values of the CKM matrix elements. The CP asym-
metry results observed in these decays will hopefully
provide valuable insights for analyzing fundamental
physical phenomena involving the interference of vector
mesons.

B. Local integral CP asymmetry

Given that there are no experimentally measured res-
ults for p—w-¢ mixing, we calculated the integral
result of the CP asymmetry for B° — p(w,¢)n’(K°) —
na*n~n%(K°) to compare with the result from PQCD present-
ed in this paper. We also calculated the B® — p(w, ¢)n(n') —
n*n n(n’) decay processes by integrating over the invari-
ant masses of m,,- in the range of 0.65—1.1 GeV from
the p, @, and ¢ resonance regions [46]. In addition, we
calculated the region between 0.75 and 0.82 GeV, where
the CP asymmetry is clearly exhibited, as shown in Figs.
2-5. The results are provided in Table 1.

Subsequently, we compared the previous PQCD res-
ults to analyze the differences between the same decay
processes. It is worth noting that the decay of B’ —
n*n~ K with resonance effect has a significant effect on
the CP asymmetry in the same energy range under
QCDF. The CP asymmetry result of decay B° — n*nn°
is significantly smaller than that of the previous PQCD
approach, possibly because the amplitude contribution of
the quasi-two-body decay of B? — n*n z° is primarily
composed of the penguin and annihilation contributions.
Besides, we added the two decay processes, namely B? —
plw,¢)n — 7tnn and BY - p(w,¢)7 — n*n 17, and calcu-
lated the CP asymmetry result affected by the resonance
effect. The local CP asymmetry results for all decay pro-
cesses are clearly enhanced within the 0.75-0.82 GeV re-
gion under the invariant mass region of w—p mesons, es-
pecially for the decay processes of B’ — n*nzn® and

B? - n*n1y. The CP asymmetry result of BY — n*nn is
smaller than the result produced by other decay pro-
cesses within the region of 0.75—0.82 GeV, which corres-
ponds to the mass resonances of w—p.

There are two sources of uncertainty in our numerical
results: the first arises from the uncertainty of the mixing
parameter and other input parameters, and the second is
due to the parameterization of the logarithmically diver-
gent integral in QCDF.

C. Decay branching ratio

In view of the specific experimental data results of the
decay branch ratio of the quasi two-body decay B’ —
p(w,p)P — n*x~ P process without the resonance effect,
we only refer to the theoretical results of the latest relev-
ant studies. The branching ratio of the three-body decay
of B, mesons has been studied more extensively using the
PQCD approach, but the calculation results of the branch-
ing ratio under the p —w— ¢ mixing mechanism have not
been considered. Therefore, we only used the results of
the direct decay of B° — pP — n*x P for comparison.
Given that the FAT approach includes power corrections
from the "chirally enhanced" term, the penguin annihila-
tion contribution, and the EW-penguin diagram for the
B® — VP decay process, and some of their results closely
match experimental results, we used them for comparis-
on.

When we calculated the branching ratio under the
p—w—¢ resonance effect, we observed that the branch-
ing ratio of the decay of B® — pP — n*n P is not affect-
ed by resonance effects. The calculation results of the br-
anch ratio of quasi-two-body decay based on p—w—¢ —
n*n~ are listed in Table 2 for easy comparison and ana-
lysis.

By comparison, it can be seen that in the direct decay
process of B® — pP — n*n~ P, the decay branching ratio
calculated by the three approaches is of one order of mag-
nitude. For the B® — n*nn® process, the result obtained
from the QCDF approach is lower than that of the other
two processes because the decay amplitude of the pro-
cess is dominated by the annihilation graph. For the de-
cay process of B — n*x~K°, the results of the QCDF ap-
proach are close to those of the PQCD approach, but the
details of the FAT approach are finer, which may be
caused by the shortage of non perturbative contribution

Table 1. Comparison of A2, from p - w—¢ mixing with V — z*7~.

p —w—¢ mixing (PQCD)
(0.65—1.1 GeV) [6, 24]

Decay channel

p —w—¢ mixing (QCDF)
(0.65-1.1 GeV)

p —w—¢ mixing (QCDF)
(0.75-0.82 GeV)

BY - p(w,$)n’ — n*nn° ~0.008 + 0.002
BY — p(w,9)K® — 1t 7~ KO —-0.017 +0.003
B_? - plw,p)p -ty _

BY > p(w.p)’ — ntn -

—0.001 £ 0.003 + 0.007 0.014 £ 0.006 £ 0.011

0.053 £0.014 £ 0.006 0.31+£0.015+0.020
0.001 £ 0.006 + 0.001 —0.003 £ 0.003 + 0.008

0.001 £ 0.002 + 0.004 —0.009 + 0.008 + 0.006
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Table 2.

Branching ratio (x107%) of 8% —» VP — x*n P.

Decay channel PQCD approach [24, 59] p — n*a~

FAT approach [24, 28] p - n*n™

QCDF approach p » ntn~ p—w—-¢ > ntn~

B - ntr a0 0.35 *096 10,01 = 0.00

Bg -t K0 0.21 +0:05 +0.01 +001

-0.01 -0.00 -0.00

RO + -
By —»>n'n™n

0.04
0.10 *0%4 £ 0.00 = 0.00

B} > mtryf 0.23 *008 +000 1. g

0.16 £ 0.03 £ 0.02 £ 0.04

0.35+0.05+0.01 £0.03

0.15+0.04 +0.09 +0.01
0.12+0.05+0.09 = 0.04

1.55+1.10£0.31 £ 0.02

0.08 +0.06 +0.02 = 0.00
0.32+0.04 +£0.03 £ 0.03

0.11+0.02 +£0.02+0.03

0.30+0.01 £0.04 £ 0.05

0.22 +0.04 + 0.05 = 0.02
0.20 +0.06 + 0.03 = 0.01

0.34+0.07 £0.05+0.01

and 1/my, power corrections of the FAT approach. As a
result of the direct decay process of B’ — n*n 7, the
QCDF result is larger than that of the other two pro-
cesses, which may be due to the uncertainty introduced
by the form factor itself of the QCDF approach. In the de-
cay process of B? — x*n 1/, the results obtained from
QCDF and PQCD are consistent, and the differences
between the QCDF results and those from the FAT ap-
proach are extremely small. Owing to the difference in
the treatment of intermediate virtual particles in the FAT
approach, these results may be biased.

Above all, we calculated the decay branching ratio of
these four decay processes under the p —w—¢ resonance
effect. We found that the results of each decay branching
ratio are suppressed, especially for the B® — "2~ K de-
cay process. We hypothesize that the mixing of the inter-
mediate state meson p —w —¢ suppresses the decay bran-
ching ratio. Given that intermediate virtual particles such
as p—w cannot be effectively distinguished experiment-
ally, it is necessary to consider the effects of mixing of
intermediate virtual particles in future research.

Similarly, different sources of uncertainty were also
considered in the calculations. The first source arises
from the CKM matrix elements, form factors, and decay
constants; the second source comes from the QCDF ap-
proach itself during the calculation process; and the third
source is due to the mixing parameters.

V. CONCLUSIONS

Our results show that CP asymmetries and decay
branching ratios undergo evident changes due to the res-
onance effect of V- n*n~ (V=p,w,¢) in the B— 7*n~ P
decay modes when the invariant mass of n*n~ is close to
the w—p and ¢ —p resonance regions within the QCDF
framework.

The three-body decay process was efficiently calcu-
lated using the quasi-two-body chain decay. Taking
B — RP; as an example, the intermediate resonance state
R decays into two hadrons, P; and P,, while P; is the
other hadron. This process can be decomposed using the

narrow width approximation as B(B — RP; — P P,P3) =
B(B — RP3)B(B — P P,). In small widths, the effects of
w and ¢ can be ignored in the quasi-two-body cascade de-
cay. As a measure of the degree of approximation of
[(B — RP3)B(B — P, P,) = nx[(B — RP; — P,P,P5), the
parameter nr was introduced [60]. The integral of the in-
variant mass m,+,- was considered in the calculations. The
attenuation amplitude features a Breit-Wigner shape and
depends on the parameter of the invariant mass m+,-. In
the present study, the effect of this correction was ig-
nored in view of the range of accuracy. This level of cor-
rection was approximately 7%, being a source of uncer-
tainty in our results [46].

Regarding the local integration results (Table 1), the
local CP asymmetry associated with B — p(w,$)P —
n*n~Pwas determined by calculating the specific phase
space region. Owing to the interference of p—w—¢
caused by the breaking of isospin, the resonance contribu-
tion of w—p and ¢—p can produce a new strong phase,
which has a great influence on the CP asymmetry of the
B — n*n~P decay mode. It is evident that for the
B® - n*nn° process, the result obtained from the QCDF
approach is significantly smaller than that obtained from
the PQCD approach. This is because the amplitude con-
tribution of the B — n*n~n° process is dominated by the
penguin and annihilation contributions. On the contrary,
the CP asymmetry result of the B — n*n~K° process is
considerably larger owing to the evident tree and pen-
guin level contributions in this process, while the uncer-
tainty of the form factor and decay constant further adds
to the overall uncertainty of the results. For the newly ad-
ded decay processes of B’ — atnp and B® - ntn vy,
when the threshold interval was in the range 0.75—-0.82
GeV, the local integral result became significantly larger,
indicating that the CP asymmetry of B’ — n*x 5 and
B - n*n iy decays primarily occurs in the mixing re-
gion of w—p given that p is dominant.

In the process of calculating the decay branching ra-
tio (Table 2), we found that the decay branching ratio is
smaller when considering the resonance effect. The res-
ults with and without resonance effects were compared

113103-11



Xi-Liang Yuan, Chao Wang, Zhuang-Dong Bai ef al.

Chin. Phys. C 49, 113103 (2025)

for the PQCD and FAT approaches. In general, owing to
the lack of non-perturbation contribution and 1/m, power
correction, the attenuation amplitude and phase extracted
from the experimental data by the FAT approach are lar-
ger than those from the PQCD or QCDF approaches, res-
ulting in a larger decay branching ratio result. The PQCD
approach only considers the decay branching ratio of
B% - pP — n*n” P in the direct decay process, which is
close to our result without considering the resonance ef-
fect. We also found that the decay branching ratio is
lower when considering resonance effects, especially for
the B — n*n~K° process. In addition, we included the
uncertainty term in the calculation results.

Generally, researchers can reconstruct the intermedi-
ate virtual particles p, @, and ¢ from the final state
mesons of #*n~ to experimentally measure the decay
branching ratio and predicted CP asymmetry. However, it
is difficult to distinguish and analyze the effect of inter-
mediate mesons p and @ on the final state particle pro-
duction during experiments. Therefore, it is necessary to
consider the resonance effect. In experiments, the bbpro-
duction cross section is extremely large and of the order
of 500 ub, providing 0.5x10'? bottom events per year

Gngnﬁr* mpf(/l) * Pk

M (B) = p(p - n*7)K’) = Zq:u .

* —p0 1 3 3
{ Vi Vi ot + Vi Vg |:fKAB * <Cl4 ——ayp— sa7— *a9)

[61]. For n standard deviation mgnatures the number of
BB, pairs required is Np,s, ~ BRAz (1-A%p) [62], where
BR is the decay branching ratio. ThlS equation quantifies
the number of B,B, pair statistics required to observe CP
asymmetry in the B, decay channels at n standard devi-
ation signatures. For the decay mode B’ — n*znn®, the
number of BB, pairs is 3.40x10'°. For B® —» n*n K°, it
is 1.18x 10 pairs. The numbers of BB, pairs required
for the decays BY — n*nnand B — n*n 1y are 3.70x 10!
and 6.17x10'°, respectively. We found that the number
of required B, B, pairs ranges from 103 to 10!!. The num-
ber of B,B, pairs at LHCb could be approximately 10'?
per year, which is sufficient to study the impact of the
p—w—¢ mixing mechanism on CP asymmetry and de-
cay branching ratios [32, 63]. Given that the LHC contin-
ues to provide more data, research on the CP asymmetry
of B mesons will reach new heights in the future. We
hope that this study can provide valuable support for ex-
perimental research.

APPENDIX A: DECAY AMPLITUDE
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The forms of the coupling constant g and parameter O in this paper are as follows:
2 2
gzo _ 481 o | P — 0, = 2mi, 0(2,) _ 2mn(,) (A7)
v (1 4n172r > 32 my (my, +my)(my +my) (my + my)(m, +my)
T2
m,
APPENDIX B: INPUT PARAMETER
Table B1. Input parameter values (GeV) [6, 24, 29, 56, 64].
Ackm = 0.22650 +0.00048 Ackm =0.7900917 Pexu = 0.1417016 Tiexa = 0.35720.01
myo =5.36692+0.00010 my, = 0.77526 +0.00023 m,, = 0.78266 +0.00013 mg = 1.019461 +0.000016
fi=0.192+0.010 £, =0213+0.011 f5=0.225+0.011 fz, =0.23+0.03
- =0.130+0.001 fxk =0.155+0.004 f;’(,) =(1.07£0.02) f f,j(,) =(1.34£0.06) f
AB=0 _ 0072 FEK 031 FE71 20335 FE 008
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