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Abstract: The size of the direct CP asymmetry generated during the weak decay of hadrons is attributed to the
weak phase and some strong phases. The weak phase comes from the CKM matrix and a strong phase may result
from the resonance effect which is produced by the mixing of vector meson V {po(770),w(782),¢(1020)} to nta”
meson pairs. p0(770) can decay directly into 77~ meson pairs, both w(782) and.¢(1020) can also decay into 7t~
meson pairs with 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 calculate the CP asymmetry and decay branching ratio for B(S] - 7t 7%(KY) in the frame-
work of QCD factorization and compare them with previous work. We also add the analysis of Bg - 7r+7r_77(77(/)) de-
cay process. The results show that the CP asymmetry of these four decay processes are significantly enhanced espe-
cially for the B? — = KO decay process and the decay branching ratio also changes under resonance effect. These

work might provide support for the experimental analysis of the B? meson.

Keywords: CP asymmetry, QCD factorization, resonance effect

DOI: CSTR:

I. INTRODUCTION

The non-leptonic decay of hadrons containing heavy
quarks plays a crucial part in testing the Standard Model
(SM) by examining the charge parity (CP) asymmetry
mechanism in flavor physics [1, 2]. It can also gain our
understanding of Quantum Chromodynamics and discov-
ering new physical phenomenon beyond the SM. The res-
ult of CP asymmetry relates to the weak phase in the
Cabibbco-Kobayashi-Maskawa (CKM) matrix describ-
ing the mixing of quarks of different generations. Be-
sides, a strong phase is also required to detect CP asym-
metries [3]. Typically, this strong phase is provided by
severals phenomenological models and the QCD loop
corrections. Similarly, the generation of these phases may
affect the decay process of vector mesons, CP asymmet-
ries and even decay branching ratios. Nowadays, both
theoretically and experimentally, there has been in-
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creased attention on CP asymmetry and decay branching
ratio in the B meson system. The decay of B meson has
gradually changed from the analysis of two-body decay
to the analysis of three-body decay, and has been widely
carried out [4—6]. In recent years, the BABAR, Belle, and
LHCD collaborations have already measured a number of
CP asymmetry and branching ratio parameters of three-
body charmless B decays in the experiment [7—9]. In the
theory, a fully developed and widely used approach has
been developed to calculate the hadron matrix elements
of B meson non-leptonic weak decay, including naive
factorization [10, 11], QCD factorization (QCDF)
[12—14], Perturbative QCD (PQCD) [15—17] approaches,
soft collinear efficient theory (SCET) [18, 19] and factor-
ization assisted topological-amplitude approach (FAT)
[20—-22].

Inspired by the achievements in two-body B decays,
we use a quasi-two-body approach to calculate the three-
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body decay process of the B meson under the resonant ef-
fect in this work. The vector resonant effects are depicted
by means of the common Breit-Wigner formalism, and a
strong coupling is used to explain the subsequent two-
body decay of the vector meson. Under the resonance
contribution, vector meson dominance model (VMD) pre-
dicts that the vacuum polarisation of the photon is en-
tirely made up of vector mesons of p°(770), w(782) and
¢(1020) [23]. The transitions of w(782) and ¢(1020) de-
cay to n*n~ meson pairs which originate from isospin
breaking related to the mixings of w(782)-p%770) and
#(1020) — p°(770). Since the decay rate of p°(770) — n* 7~
is 100% [24], the mixing of intermediate particles
P°(770), w(782)—p°(770) and ¢(1020)-p°(770) are
mainly considered in our theory, ignoring the interfer-
ence from other processes. Besides, the strong phase from
the three-body decay can be produced by intermediate
resonance hadrons associated with the Breit-Wigner
form. A new strong phase is formed under the mixing of
the intermediate resonance hadrons, and combined with
the weak phase calculation from the CKM matrix. We
use a matrix composed of hadrons to combine the inter-
mediate state of the decay process with the physical state
of the isospin state [25]. The interference caused by the
three mesons p°(770), w(782) and ¢(1020) can be solved
by dynamical mechanisms. The analysis of vector meson
resonance has greatly contributed to the understanding of
particle properties and meson interactions [26].

In the previous calculation of CP asymmetry theory,
we investigated the non-leptonic decay processes of
B? - p°(770)n°(K®) — n*n~n%(K°) with the interference
by PQCD [27]. The PQCD approach combines QCD cor-
rection due to transverse momentum and introduces Su-
dakov factor to suppress the non-perturbative effect. End-
point divergence is regulated by introducing the parton
transverse momentum k; and the Sudakov factor at the
expense of modeling the additional k; dependence of
meson wave functions, and annihilation corrections are
presented. The non-perturbative contribution is contained
in the hadron wave function. In the latest theoretical cal-
culation of the decay branching ratio, in addition to the
PQCD approach, a framework of FAT approach is intro-
duced [28], which includes the non-perturbation and non-
factorization contributions of two-body B decays. The de-
cay amplitude of two-body charmless B decay is divided
into different electroweak topological Feynman figures
under SU(3) symmetry. By globally fitting all experi-
mental data for these decays, the topological amplitudes
including the nonfactorizable QCD contributions are ex-
tracted. However, the precision of this topological ap-
proach is limited by the size of the S U(3) breaking effect.

In this paper, we use the QCDF approach to research
and compare the results of the new calculation with the
previous ones, and check the accuracy of the theoretical
calculation of QCD. We extend the two-body decay to

give the three-body decay process under QCDF, where
the strong interaction can be divided into the hard scatter-
ing part (the perturbation calculation) and the non-per-
turbation part of the light (such as the form factor and the
light cone distribution amplitude). For three-body decay,
we consider the case to a cascade decay for two-body de-
cay (B— VP — n*n™ P) by a quasi-two-body approxima-
tion, thus preserving the framework of QCDF, which as-
suming p is on-shell. The processes are decomposed into
B— VP and V —.n*n . The resonance effect is intro-
duced through the Breit-Wigner form. When we calcu-
late the CP asymmetry and branching ratio, the three-
body phase space integration is converted to integration
over the intermediate state invariant mass s=m2.,- and
the resonance region s~ m’ is 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 the two-body decay. Within
the framework of the QCDF, the analysis for the decay of
B meson can set the b-quark mass to infinity and ignore
the higher-order contribution of 1/my,, the two-body non-
lepton decay amplitude can be expressed as the product-
ing of the form factor from the initial meson to the final
meson and the light cone distribution amplitude of the fi-
nal meson in the heavy quark limit. When m;, — oo, 1/my,
become negligible, so the contribution of 1/m;, power
corrections is not considered. The logarithmically diver-
gent integral is usually parameterized in a model-inde-
pendent manner and explicitly expressed as fol dx/x — X4
[29]. We calculate the CP asymmetry result of
B® — V(p°(770), w(782), p(1020))7°(K°) — n* - n%(K°) de-
cay process and compare the influence of PQCD and
QCDF on CP asymmetry under resonance effect. At the
same time, the CP asymmetry results and local integra-
tion results of the two attenuation processes of
B% — V(p°(770),w(782),(1020)n(n ) — n*n n(n’) are ad-
ded. Then we also calculate the decay branching ratio of
these four decay processes under the resonance effect and
the decay branching ratio without the resonance effect,
and compare these results with the latest theoretical res-
ults. Since the PQCD approach only has the results of the
direct decay process, but the branching ratios of the three-
body B decay studied under the FAT approach takes into
account the virtual effects of the intermediate resonances
0°(770),w(782),$(1020) on quasi-two-body decays, so we
compare and discuss these results. We will explore the
role and contribution of resonance effects on the decay
process B — 7 nP.

The overall structure of this paper is as follows. In
Sect. II, we introduce the resonance mechanism in sub-
sect. A, briefly explain the QCDF approach in subsect. B,
and show the amplitude invloving p°(770), w(782) and
#(1020) interference in subsect. C. Then, in Sect. III, it
mainly consists of the computational form of CP asym-
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metry, local integral form of CP asymmetry and the
branching ratios of the three-body decay process, in sub-
sect. A, B and C respectively. In Sect. IV, we analyze the
curve results of CP asymmetry in these decay processes,
calculate the local integral CP asymmetry and decay
branching ratios in different phase space regions. The
conclusion shows in Sect. V.

II. CALCULATION OF AMPLITUDE UNDER
QCDF

A. The introduction of resonance mechanism

Due to the vector meson dominance model (VMD),
e*e” can annihilate into a photon y, the vacuum polarisa-
tion of the photon y which is dressed by coupling vector
mesons p°(770), w(782) and ¢(1020), these vector mesons
can then decay into 7"z~ meson pairs and the VMD suc-
cessfully describes the interaction between photons and
hadron [23]. The p°(770) - w(782) — ¢(1020) interference
is caused by the difference in quark mass and electromag-
netic interaction effects, they can decay directly into z*z~
meson pairs. Besides, the transitions of w(782) and
#(1020) decay to n*m~ meson pairs which originate ‘in
isospin breaking related to the mixing of w(782)—p°(770)
and ¢(1020)-p°(770) [25]. We establish a resonance ef-
fect by considering the interference effects brought about
by the mixing of three intermediate state particles
(0°(770), w(782), $(1020)). Since the resonance effect is
not a physical respresentation, a matrix is constructed to
transform the isospin field into a physical representation.
The relationship between the isospin-field (po;,w;,¢;) and
the physical respresentation (p,w,¢) can be connected by
the matrix, while ignoring the contribution of higher or-
der terms. In order to easy to read, we use p,w and ¢ to

represent p°(770),w(782) and #(1020). It can be ex-
pressed as:

p iy (wilpy  (ilo)

w | =] o) (wlwy ($lw)

é i)  (wilp) (dild)

Pr 1 _pr(s) _qu)(s)

Wy = pr(s) 1 _Faxb(s) ’ (1)

ér Fop(s)  Fop(s) 1

where Fyy(s)(V = p,w,¢) is order O(1), (1<« 1) [25].
Based on the isospin field p;(wy,¢;), we can construct the

isospin basis vectors |/, ;), where / and I; are isospin and
its third components, respectively. Thus, physical states
can be represented as linear combinations of basis vec-
tors in a matrix. We used orthogonal normalization to ob-
tain the relationship between the physical state of the
particle and the isospin basis vector, so the physical
manifestation of this form can be clearly expressed as
P =p1= Fpu(S)wr = Fpp(5)D;, w = Fpu()pr +wp — Fop(s)Py,
D =F () + Fop(s)w; + ;.

Considering the physical and isospin representations,
we make propagator definitions as Dy,y, = (0|T'V,V,|0)
and D}, |, = (0|TV{V3|0), respectively. V; and V, of Dy,y,
refer to any two of the three particles p, w and ¢ in phys-
ical. Bringing p,w, ¢ of the physical fields into the defini-
tion of Dy,y,, we find that the forms D,,, D,, and D4
are identical. Due to there is no three vector meson mix-
ing under the physical representation, Dy,y, is equal to
zero. We deduced these process about propagators in de-
tail in our previous theory [29]. In addition, according to
the physical state expression of the two-vector meson
mixing, the parameters of F,, is the order of O(1)
(1< 1). Since the multiplication of multiple terms in the
equation is a higher-order term, the result of the higher-
order term is depressed, which can be ignored by us. This
paper only consider the process containing p because the
CP asymmetry of #*7~ meson pairs produced by the mix-
ing process of w and ¢ is almost absent under the reson-
ance effect. We can define new mixing parameters based
on decay width and mass, the specific expression is [30]
+im,L,) = F o (s —m2 +im,T,),

_ 2
Hpa) = pw(s - mp

Ty = Fog(s —m +im,Ly) = Fpy(s —my +imyLy),

2)

where T'y and my represents 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 vs, which can be represented as
sy = s—m% +imyly. The vector resonance TI'y(s) for the
energy-dependent width can be written [31]:

Ty(s) = Ty (;’0)3 (@) X*(graw),

NG )

where the expression for the Blatt-Weisskopf barrier
X2(qrsw) \/[1 +(q0rBW)2] / [1 +(quW)2] ,
q=>; \/[S— (e +me- 2| [s = (me —me-)?] /s isthe mo-
mentum of the final state 7% or 7~ in the rest frame of the
resonance V, and g, is the value of ¢ when s=m?. The
value of the barrier radius rpy is 4.0(GeV)™ for all reson-
ances [32]. We consider the vector resonance state for the
full width value Ty, which come from PDG of the decay
fraction of p to n*n~ is 100% with the full width of p be-
ing 149.1+£0.8 MeV, w to 7tz is 1.53711% with the full

factor is
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width of @ being 8.68+0.13 MeV and ¢ to n*n~ is
(7.3+1.3)x107°% with the full width of ¢ being
4.249+0.013 MeV in this paper [24, 33]. These data will
also be used in the subsequent calculation of the decay
width.

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

~ (s— mﬁ +im,[)I,,

Moo = o s im T = (s — 2 +imT)’
P PP w wt w
_ s—m?+im, )1
I, ( p oLy )

C(s—m2+im,T) = (s—m3 +imgTy)’

The mixing parameter, including both resonant and non-
resonant contributions, depends on the momentum. And it
absorbs the direct decay processes w — ntn~ and
¢ - n*n~ from the isospin symmetry breaking effect,
which are obtained from sources unrelated to the studied
decays. The mixing parameter of Ily,(s) and Ilp(s) are
the momentum dependence of w—p and ¢—p interfer-
ence, respectively [36]. They were fitted by Gardner and
O’Connell [37, 38] and measured by Wolfe and Maltman
[35, 36]. ILu(s) and I4(s) can be expressed in the form
of real and imaginary parts:

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

T5(s) = RelLp(m3) +ImILp(m2). 5)

Numerical results for the real and imaginary parts of
the w-p(¢—p) mixing parameter [Lu(ILy) at
s =m,(s = my) can be given [36]:

Rell,, (m2) = —4760 + 440MeV?,
Imll,,(m2) = —6180 + 3300MeV?;
Rell,;(m2) = 796 £ 312MeV?,

Imlly(m3) = —101 £ 67Me V>, (6)

B. The QCD factorization

M.Beneke et al. believe that the form factor of the B
to the final hadron transition is mainly contributed from
the non-perturbed region, the non-factorization effect of
hadron matrix elements is mainly the exchange of hard
gluons in the two-body non-light decay of B meson. They
propose a new approach for computing hadron matrix
elements which is QCD factorization [12, 39]. The low
energy effective Hamiltonian form for the non-light and

weak decay of B meson decays can be written as [40, 41]:

G
Hegr =55 2V {cwoim +cuwaiw

q=u,c

10

+ 3 Cr) Qx () + Coy (1) Qry (1) + csg(ngg(m}

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 which are

01 = (b )v_a(Gpug)v-a, Qf = (Cabo)v-a(Gscs)v-a,

05 = (igbg)y-a(Gata)v-a, Q5 = (Cabp)v-a(Gsco)v-a, (8)

the QCD penguins operator which are

03 = (Guba)v-a Zq, @34qp)v-a-
Qs = (Ggba)v-a Zq, (@, qp)v-as
Qs = Guba)v-a ) (@apven

Qs = (gpba)v-a Zq, (G,9p)v+as )

the electroweak penguins operator which are

3 7 ’
0= E(Z]aba)V—A Zq, e (gdp)vas
3 ’ ’

Qs = E(QBba)V—A Zq, eq’(%qﬁ)vm,
3 - -7 7
Qs = 3 (aba)v-s Zq, e (pqp)v-a-

3 _ -7 7
O = E(CIBbH)V—A Zq eq(Gadp)v-as (10)

and the magnetic penguins operator which are

€ P v
Q7y = @mhqno—# (1 +)’5)an;”,
- %mbqaaﬂ"(l + )i sbsGl,,

Os, (11)

where (Giqj)vea = Giv(1 £y5)q;, q corresponds to a cer-
tain energy scale, and we can take the flavor of all the
free quarks at this energy scale. The weak decay of the B



The role and contribution of resonance effect for the decay process of I?? —>a'n P

Chin. Phys. C 49, (2025)

meson is u~O(@m,) in the energy scale and
q €{u,d,s,c,b}; e, is the charge of the quark ¢’; a 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. At the heavy quark limit, the emis-
sion part can be expressed as the product of the decay
constant and the form factor, while the weak annihilation
part is generally considered to be suppressed by power.
According to Eq. (7), the decay amplitude of the B meson
to the final state of the emission part(Ag) and the weak
annihilation part(Ay ) have the following form [42]:

G
A(B— MM,) = 7; DD Vel WM M>]QiIB)
g=u,c i
(12)
B = M) = T 57 STV i b M1 M),
g=u,c i
13)

where af(u) are flavour parameters which can be ex-
pressed in terms of the effective parameters af, which
can be calculated perturbatively and has been demon-
strated [39]. fz, fu, and fy, are the decay constant asso-
ciated with the initial and final meson, the numerical res-
ults 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
hadron matrix element (M;M,|Q,| B) can be calculated by
the following formula by using the QCDF:

(M M,|0Q;| B)

1
= Zij*Ml / dxT} (), (x) + (M & M)
0

1 1 1
+ / i / dx / AT E, 2, 3) DD, (DD, ), (14)
0 0 0

where Ff_)Ml represents the transition form factor of
B— M,, T}, and T}' are the computable hard scattering
part of perturbation theory, respectively, ®x(x) is the op-
tical 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 ele-
ment form is:

1
(MiM|Qi1 By = F{™" / AxT](x0)Dy, (x),  (15)
0

The calculation of hadron matrix elements in the two-
body decay of B meson becomes more convenient by
Egs. (14-15). The non-perturbation effect is manifested in
the amplitude and shape factor of the meson optical cone
distribution. The form factor ¥ fHM' is a physical quant-
ity that contains both hard and soft contributions (so the
hard contribution needs to be subtracted from the hard
scattering function T}, and T;'). This form factor can be
determined from experiments on the semi-light decay of
B meson or QCD theory. The light cone distribution amp-
litude of mesons can also be extracted from other hard
scattering processes. The leading order of the decay amp-
litude is the contribution of naive factorization. In the
heavy quark limit, the radiation correction of the leading
order can be calculated to all orders of a, without think-
ing about'the 1/m, power correction.

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

C .
bi(My, M>) = ﬁ‘;clAa (M, My),
Cr . .
by(My,M,) = ﬁCQAl(Ml,Mz),
Cr i i
ba(M. M) = 5 {Cs A (M1 M) + CsAy My, My)

+[Cs+N.Cel A§ (M, M)},

C . _
by(My, M,) = N%Z {C4LA (M, M>) + CeAY (M, M) }
C . .
b (M1, Ma) = 5 { Coli (M1, My) + CrAL (M1 My)

+[Cr+N.Cs1A{ (M, M)},

C . .
b (M1, My) = 2 {CioA (M, Ma) + CsAS (M, My}, (16)

where the annihilation coefficients b;, correspond to the
current-current operator Q;,, the coefficients bs4 corres-
pond to the QCD penguins operator Qs.¢, and the annihil-
ation coefficients b5} correspond to the electroweak pen-
guins operator Q.. The amplitude A%/ (n = 1,2,3) comes
from the annihilation contribution. The superscript i
refers to gluon emission from the initial-state quark and
the superscript f refers to gluon emission from the final-
state quark. The form of A%/ has been confirmed in Ref.
[39]. Besides, we handle the endpoint integrals of these
logarithmic divergences arising from the hard scattering
process involving the spectator quark. We extend phe-
nomenological parameters to express it in the form of
X = [y dx/x=(1+pse®)(Inmgs/As) which is calculated
according to the method in Refs. [12, 43, 50], where one
may take p, < 0.5 and arbitrary strong phases ¢,. In prac-
tice, we calculate the CP asymmetry when p, = 0.25,0.5
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and ¢, = 0,7/2,7,31/2, respectively. The value of A, is
0.5 GeV. For the values of parameters ¢, and p,, we also
followed the latest achievements and applied the latest
constraints, assigning the uncertainty of +0.1 to ¢, and
+20° to p,. The QCDF has been shown to be effective in
the non-light and weak decay of B meson, including chir-
ally enhanced corrections.

C. The amplitude of B? —» n*n~ P involved p—w—¢

interference

Under the framework of QCDF, we analysis the ef-
fect of resonance effect generated by mixing of interme-
diate particles for CP asymmetry and branching ratio of
B?. The decay processes B — n*a P involved p(w,®)
meson is shown in Fig. 1, where P represents the final
pseudo-scalar meson. Considering the p — n*n~ process
from isospin symmetry breaking, we also believe that the
vector meson to 7z~ can be attributed to the existence of
w—-p and ¢—p mesons intermediate state of resonance
effect. So we only consider the decay process of the key
intermediate state particle p — 7*7~ and do not take the
o~ — nn° decay process and p* — n*n’ decay process
into account in our approach. The influence of resonance
effect on CP asymmetry which considering the interfer-
ence of intermediate particles are shown in the six fig-
ures (b), (c), (e), (f), (h) and (i) of Fig. 1. Taking FIG. (b)
as an example, B? decays into w mesons and pseudo-scal-
ar meson P, w can decay into p meson firstly and then p
meson decay into 7*z7~ mesons. In this process, the reson-
ance effect generated by the interaction between w and p
meson is involed, and the CP asymmetry and branching
ratio in the resonance state are calculated.

To the first leading order of isospin breaken, the most
contributing is from (b) and (c) of the six plots. There-
fore, the CP asymmetry results of figures (a), (b) and (c)
are calculated with emphasis. The CP asymmetry result is
significantly depressed for the others processes which the
decay rate is relatively low under the resonance effect, so
we do not consider them.

We employ a quasi-two-body decay process to calcu-
late the CP asymmetry and branching ratio. In the two-
body decay of the B meson, the form factor governing the
transition from initial hadron to the final hadron is domin-
ated by non-perturbative effects [44]. We can calculate
the perturbative contribution associated with the hard
gluon from the QCD correction. In the three-body decay
process, we will adopt the naive Breit-Wigner form for p
with the pole mass m, = 0.775 GeV and the width p =
0.149 GeV [45]. For example, the decay process of
B® = p(p — ntn)n° can be expressed as:

_ (" | Hegs | BY) (77 | Howen- | )
s—m2+im,l,

M, , a7

where H,.+,- is the effective Hamiltonians of the strong
processes p — n*n~, s—m,+im,[, is the Breit-Wigner
form for the propagator of p and s is the invariant mass
squared of mesons n* and 7.

We give the decay amplitude due to quasi-two-body
decay with emission and annihilation contributions for
B’ - p(p — n*n7)n° under QCDF. The remaining amp-
litude forms of B— VP — n*n~ P are given in Appendix
A:

+ Tt +

_ 0 m ] _ w-p _ ®-p m
Bs m BS m Bs m

(a) P () P (c) P
+ + +

B w m B o-w " _ b-w m
s i B? - B3 m

P

(d) (e) (f)

+ + +

B 0 m _ w-o m pP-® m
B! i B! " B "

(9) P (h) P (i) P

Fig. 1. The decay processes for the channel of B? — p(w,$)P — n*tn~P.
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Gngir"ﬂ‘vafﬂf}’

M(B) - p(p - n*n)n’) = Z 23S
0

g=u,c

1 1
+ ibfw(ﬂ,p) + Ebfw(p,ﬂ)} }

M (B) - w(w - n'n)n’) = Z
g=u,c

2 \/zsm

M(B) - ¢p(¢p - n*n)n’) = Z

Gr8uwrn I, Jrtw {

Grgonin-My€(A) - py

{Vubv,js[bl (m,p) +bi(p,m)] = Vi Vi {2b4(ﬂ,p) +2by(p,7)

(18)

us

3 3
Vi Vi [b1(m,0) + by (w,m)] = Vi V7, {Ebfw(ﬂ, w)+ Ebfw(w,ﬂ)} } ,

q=u,c

S

where V,,V; and V,,V;, are CKM matrix elements, s,,, s,
and s, are the Breit-Wigner factors. The decay constants
fr» f5, and f, 4 correspond to the non-perturbative con-
tributions, while the coefficients a;,_, are associated with
the Wilson coefficient C; [46]. The form factors for pro-
cess B— ¢ is denoted by Ay ~* which arise from rnon-
perturbative effects. Additionally, annihilation contribu-
tions given by b;, by and b5" have been considered in
Ref. [47]. Interestingly, the contribution of the
B? - p(w)n® - n*a~n° decay process is dominated by the
annihilation contribution, but there is no annihilation con-
tribution in the amplitude of the B% = ¢n’ — n*n 2 de-
cay process. Here e denotes the polarization vector
meson and p, represents momentum of 7. gy,+,- is the ef-
fective coupling constants which can be expressed in
terms of the decay width of V — n*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 the two-body decay. Furthermore, we define a mass
parameter which characterizes the quark mass related to
the meson component in O;. The values of some input
parameters and constants are given in Appendix B [24,
48].

III. CP ASYMMETRY AND BRANCHING RATIO

A. The form of strong phase of CP asymmetry

The total amplitude used in the calculation is denoted
by M, where M represents the sum of the tree contribu-
tion ({(zm*z"P|H"|B)) and the penguin contribution
((z*7~P|H"|B})). The relative strong phase angle ¢ and
weak phase angle ¢ affecting CP asymmetry, where the
strong phase angle J comes from the strong phase under
the resonance effect and the weak phase angle ¢ comes
from the CKM matrix. After that, we define the new total
amplitude by the ratio of the penguin contribution to the
tree contribution. The expression can be defined [29]:

{

(19)

* B—¢ N B)—¢ 3 3
VuqusanO a, + thvm ano 507 - §a9 ’ (20)
M= (m*nPIH"|BY)[1 +re"**?], 1)

where the parameter r represents the ratio between the
amplitude contributions of the penguin level and the tree
level. Furthermore, considering the interference of w—p
and ¢ —p, we can present the detailed form of the tree and
penguin amplitude by combining aforementioned decay
diagrams in Fig. 1:

= )—)7[+7T_T
(n*7x" PIHT|B’) = &Zi_ﬂ
s—m,+ im,I,
8p—ntn pr Tu)
(s —m2 +im,L,)(s —mZ, +im,[,)

Zp-rtn Loy Ty
(s —m2+im,U,)(s —mg +imyLy)’
(22)

_ -P
<7T+7T_P|HP|BS> = 7&)27#”. £
s—my+ im,[,
8p—nta prPw
(s —mg +imyL,)(s —mg, +im, L)

gp—)ﬂ*ﬂ"np(/)P(p
(s —m3+im,L,)(s — mé +imyly)

(23)

where T, and P, are the Tree and penguin contri-
bution for B? — p(w,¢)P decay process, respectively. In
this paper, the Tree contribution is associated with V,,V:,
and the penguin contribution is associated with V,,V}, in
Egs. (18-20) and Appendix A. s is the invariant mass
squared of mesons 7z~ [49]. Subsequently, by using the
Tree and penguin contributions, we are able to derive
new strong phases. These include: P,/T,=r e+,

Py/T, =& T,[/T,=rye, T,/T,=re and
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P,/P, =rse® . Here 6,, 6,, 6,, 6, and 5 represent strong
phases. The obtained results can be substituted into Eq.
(21). After simplification, we can obtain

is is, 5 o T1 5 o T1
rol® = rietrse s sy, + e s, Iy + rietsyIl,,

ior ¢ TT 6o o TT (24)
r4€7 5,114 + 5480, + 1360 5411,

The weak phase ¢ is determined by the ratio of V,,V;, to
ViV, or the ratio of V,, Vi to V,,V; in the CKM matrix.
We conclude that sing=n/+/(0—p*—1n*)?+n?

cosp = (p—p* =)/ \/(p—p> =) +1>, or sing=-n/
v P?+17 and cosg = —p/ \/p*+n*> by Wolfenstein para-
meters [34].

B. Local integral form of CP asymmetry

We will provide a reference for future experiments by
integrating Acp over the phase space in this subsection.
The amplitude for the decay process of B — pn® can be
given by Mf—;g_)pﬂo = app - €'(1), where A is the direction
of polarization for e. e is the p mean polarization vector.
pp is the B® meson's momentum. « represents the part of
the amplitude which is independent of A. The decay pro-
cess p — ' can be shown as M) .. = g,e()(p1 = py),
where p; and p, denote the momenta of 7* and n~ gener-
ated by the p meson [50, 51]. So, the total amplitude of
B® — pn® — n*n~n° decay process can be known as

*(De, (A
A= Q%QW%(M -p2)’, (25)
‘ P )

where +/s and /s’ represent the low-and high invariant
mass of the 7*n~ pair, s/, and s/, are the maximum and
minimum values of s for a fixed s, respectively [52]. We
get m;;, = p;; by conservation of momentum and energy

during the three-body decay process. Therefore, the amp-
litude can be written as follow:

A

M,
A= &.M.(U_S')z(a_s/)./\/(,
Sp Pp-€

(26)
where M is the substitution of the previous formula, o is
taken to be a constant wich is related to s and it can be
see as 0 = 1 (). + Shn) - For a fixed s, the differential CP
asymmetry ~ parameter can  be  defined  as
Acp = (IMP = IMP)/(IMP +|IMP?). Then we integrate the
denominator and numerator of Acp within the range of
Q(s1<s<s,s5] <5 <s). The localized integrated CP
asymmetry that shows in this form [53]:

[ ds [ a5 @ =) (IMP = [MP)
S ds [ ds @ = s (IMP+IMP)

Q _
Acp =

27)

Due to s varies in a small region, ¢ can be treated as a
constant approximately. Thus, we can cancel the influ-

ence of fs?“dS’(U -s) [54]. It is assumed that

Shin < 8" < sl represents an integral interval of the high

. . _ . Shax 2
invariance mass of n*x~, while [,""ds’ (0 —5')" repres-
ents the factor that is dependent upon s.

C. Decay branching ratio under resonance effect

Due to isospin breaking, the effects of three-particle
mixing on the branching ratios of
B® - p(w,p)n° (K, n;1') = 7t n%(K%,n, 1) are symmet-
rical. By considering the value of g, [28], we calcu-
late the branching ratios of B — n*n~n°(K°n,7") under
the three-particle mixing. The formula for the differential
branching ratios-originates from the S-wave contribution
by Particle Data Group (PDG) [24]. But we consider the
process that primarily involves the P-wave contribution
[55]. The differential branching ratios for the quasi-two-
body B —» VP — n*n~ P decays is written as [55—57]:

dB 13434 - 5
— 5 ﬂ , 28
dé  A8mm3, | 28)

with the variable & = S/m%w and the B meson mean life-
time 73. Among them, ¢ is already explained in Eq. (3)
and g, is defined as [28]:

+ m%,) s+ sz} /s.

1
qa = 3 \/[(mé _m%)z -2 (m% (29)

where mp is the mass of the Pseudoscalar meson, this is
obtained from the momentum analysis of the final-state
particle.

IV. NUMERICAL RESULTS

A. The curve results of localised CP asymmetry

In the framework of QCDF, we calculate the decay
amplitudes due to quasi-two-body decay process such as
Egs. (18-20). One can find that the decay amplitudes is
dependent of CKM matrix elements, decay constants,
form factors and Wilson coefficients for different final
state particle, respectively. The strong phase ¢ and the ab-
solute value r of the ratio of the penguin and tree amp-
litudes can be calculated from the approach of QCDF
which is different for different final state particles. We
consider the previous results and choose the same range
of threshold for the resonance effect of vector meson
mixing [6]. The Particle Data Group (PDG) data shows
that the masses of p, @ and ¢ are approximately estim-
ated to be 0.775 GeV, 0.782 GeV and 1.019 Geyv, respect-
ively [24]. We choose the region between 0.65-1.10
GeV within our theoretical framework, where the reson-
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ance effects of mixing w—p and ¢ —p can be visually ob-
served. This is the main resonance region and decay pro-
cess by V(p,w,p) —» n*n~ to build the plot of Acp as a
function of +/s. The change in CP asymmetry for each
decay process under the influence of the resonance effect
is plotted by the curve in Fig. 2-5. Moreover, the invari-
ant mass of 7"z~ is shown around the mass of p(w,¢)
meson, so the overall CP asymmetry is observed for num-
bers ranging from 0.65 to 1.10 GeV [6]. The results are
shown in Fig. 2 and Fig. 3, which illustrate the interrela-
tion between CP asymmetry and +/s. We see a signific-
ant peak in the CP asymmetry for the four decay modes
of B° - p(w,p)n°(K°,n,n") = ntn~a°(K°,n,7’) due to the
p, w—p and ¢ —p resonances in Fig. 2, Fig. 3, Fig. 4 and
Fig. 5 where p dominates.

Since BY — pr® and B° — wn® have no tree level con-
tribution for the B® — n*n 7" decay mode, the generation
of CP asymmetry is mainly due to weak annihilation con-
tribution. Its CP asymmetries ranging from 24.51% to
—3.30% are observed in the resonance regions 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 — n*n~K° decay process,
large CP asymmetries ranging from 97.41% to —36.51%
in the resonance regions of w —p, and in the resonance re-
gions of ¢ —p the CP asymmetries ranging from 7.81% to

0.25¢
020
015

o

< 0.10f

0.05F
0.00 -\J

0.7 038 09 10 L1
Vs (GeV)

Fig. 2. The curve corresponds the decay channel of
0

B — ntnan0.

0.8

0.6

04

Acp

02

0.0

-0.4F

0.7 038 0.9 10 11
Vs (GeV)

Fig. 3. The curve corresponds the decay channel of
B? — ntn KO,

2.15%, 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*2xK® and B® — n*n 2, the CP asym-
metry vary slightly around the ¢ —p resonance range un-
der QCDF.

In addition, we calculate the decay process
B® - Vn(y') — n*nn(y’). In the SU(3) quark representa-
tion of hadrons, the corresponding parameters are more
difficult to determine due to the octet-singlet mixing,
Feldmann-KrollStech (FKS) mixing scheme is adopted
for n—n’ mixing in Ref. [58] in this paper. The paramet-
ers in the calculation can be expressed by f,, f, and ¢, the
specific amplitude forms are written in Appendix A. The
physical states of the # and 1’ mesons consist of a mix-
ture of flavor eigenstates, namely, n, and n,. We can ob-
serve CP asymmetries ranging from 0.47% to —12.79%
within the resonance range of w—p in the decay channel
of B = n*n i, 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 1/, we find significant CP asymmet-
ries ranging from 2.76% to —13.29% within the w—p res-
onance region, and CP asymmetries ranging from 6.85%
to 0.14% within the ¢ —p resonance region, which is de-
picted in Fig. 5. The CP asymmetry in the decay process
BY — n*n~iy exhibit a significant variation similar to that
observed in the decay process of B? — n*n 7, specific-
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0.00
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Fig. 4.
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The curve corresponds the decay channel of
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Fig. 5. The curve corresponds the decay channel of

R0 + =
B, »ntnny .
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ally within the mass resonances of w—p. Similarly, the
CP asymmetry of these two decay processes are also
changed in the ¢ — p resonance region.

These results are obtained using the central paramet-
er values of the CKM matrix elements. The CP asym-
metry results observed during these decays hopefully
provide a valuable aid in the analysis of fundamental
physical phenomena for the interference of vector
mesons.

B. The local integral CP asymmetry

Due to there are no experimentally measured results
under the p — w— ¢ mixing, we calculate the integral res-
ult of the CP asymmetry for the B’ — p(w,¢)n’(K?) —
ntn~a%(K®) to compare with the previous result of PQCD
in this paper. We also calculate the B — p(w,¢)n(n') —
a*n n(n’) decay processes by integrating over the invari-
ant masses of m,+,- in the range of 0.65 GeV —1.1 GeV
from the p, @ and ¢ resonance regions [45]. We also cal-
culate the region of 0.75 GeV—0.82 GeV, which is obvi-
ously CP asymmetry in the Fig. 2-5. The results are giv-
en in Table 1.

Subsequently, we compare the previous PQCD 'res-
ults to see the differences between the same decay pro-
cesses. It is worth noting that the decay of B® — n*nK°
with resonance effect has a significant effect on CP asym-
metry in the same energy range under QCDF. The CP
asymmetry result of decay B’ — n*n 7" is significantly
smaller than that of the previous PQCD approach, pos-
sibly because the amplitude contribution of the quasi-
two-body decay of BY — n*nn” is mainly the penguin
level contribution and the annihilation-level contribution.
Besides, we add the two decay processes BY — p(w,d)n —
n*rn and B® - p(w, )y’ — x*n~n’ and calculate that the
CP asymmetry result affected by the resonance effect.
The local CP asymmetry results for all decay processes
are clearly enhanced within the 0.75 GeV-0.82 GeV re-
gion under the invariant mass region of w—p mesons, es-
pecially for the decay process of B’ —n*n n® and
B% — n*n7n’. The CP asymmetry result of B — n*nn is
smaller than the result produced by other decay pro-
cesses during the region of 0.75 GeV—0.82 GeV which is
the mass resonances of w—p.

There are two uncertainties in our numerical results,

the first one is caused by the uncertainty of the mixed
parameter and other input parameters, and the second one
is caused by parameterization of logarithmic diverging in-
tegral in the QCDF.

C. The decay branching ratio

In view of the specific experimental data results of the
decay branch ratio of the quasitwo-body decay
B® - p(w,$)P — "~ P process without the resonance ef-
fect, we only refer to the theoretical results of the latest
relevant studies. The branching ratio of the three-body
decay of B, meson has been studied more and more ex-
tensively by the PQCD approach, but the calculation res-
ults of the branching ratio under the p—w—¢ mixing
mechanism have not been considered, so we only use the
results of the direct decay of B — pP — n*n~ P for com-
parison. As the FAT approach considered the power cor-
rections from ‘“‘chiral enhanced” term, penguin annihila-
tion contribution and EW-penguin diagram for the
B® — VP decay process, and some of their results closely
matched the experimental result, so we use them for com-
parison.

When we calculate the branching ratio under the
p—w—¢ resonance effect, we also present the branching
ratio of the decay of B® — pP — x*n~P thatis not af-
fected by resonance effects. The calculation results of the
branch ratio of quasi-two-body decay based on
p—w—¢ — n*n are listed in Table 2 for easy comparis-
on and observation.

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 approachs is of one order of mag-
nitude. For the B — n*n~n° process, the calculated result
of QCDF approach is lower than that of the other two
processes because the decay amplitude of the process is
dominated by the annihilation graph. For the decay pro-
cess of BY —» n*n K", the results of the QCDF approach
are close to those of the PQCD approach, but the details
of the FAT approach are larger, which may be caused by
the shortage of nonperturbative contribution and 1/m;
power corrections of the FAT approach. As a result of the
direct decay process of B” — n*n 5, The QCDF result is
larger than the other two processes, which may be due to
the uncertainty introduced by the form factor itself of the

Table 1. The comparison of A2, from p—w—¢ mixing with V — z*z~.

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° — 770 ~0.008+0.002

BY — p(w,9)K® — 1t 7~ KO -0.017+0.003

BY) - p(w,pp > m* 7y

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. The branching ratio (x107%) of BY — VP — x*7 P.

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

FAT approach[24, 28] p —» n*n~

QCDF approach p » ntn~ p-w—-¢p > ntn~

B} - rtn a0 0.35 *008 +0,010.00

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

BY - ntn KO 0.21 +0.05 001 +0.01 1.55+1.1040.31+0.02
o7 001 -0.00 -0.00 0.08::0.06::0.02::0.00
- 0.32+0.04£0.030.03
B) > rtr™n +0.04 0.1140.02+0.02+0.03
! 010 252 0.00+0.00 0.300.01+0.04+0.05
0.22+0.04::0.05+0.02
B s ntnyf 0.23 +0.08 +0.00 10 0 0.34+0.07+0.05+0.01
T =006 -0.01 7 0.20£0.06£0.03+0.01
QCDF approach. In the decay process of B’ - n*n 7y, parameter 7y is introduced [60]. The integral of the in-

the results of QCDF and PQCD are consistent, and the
difference between the results of QCDF and the results of
FAT approach is also very small. Due to the difference in
the treatment of intermediate virtual particles in FAT ap-
proach, the results may be biased.

Above all, we calculate the decay branching ratio of
these four decay processes under the p—w — ¢ resonance
effect. We find that the results of each decay branching
ratio are suppressed, especially for the B? - n*x~K® de-
cay process. We think that the mixing of the intermediate
state meson p — w — ¢ will depress the decay branching ra-
tio. Since intermediate virtual particles such as p—w can
not be effectively distinguished experimentally, it'is ne-
cessary to consider the effects of mixing of intermediate
virtual particles in future research.

Similarly, uncertainty are also taken into account in
the calculation. The first uncertainty is caused by CKM
matrix elements, form factors and decay constants, the
second uncertainty is caused by QCDF approach itself in
the calculation process, and the third uncertainty is
caused by mixed parameters.

V. CONCLUSION

Our results show that CP asymmetries and decay
branching ratios have obvious changes due to the reson-
ance effect of Vo na'n~ (V=p,w,¢) in the B—a*n P
decay modes when the invariant mass of n*n~ is close to
the w—p and ¢ —p resonance regions within the frame-
work of QCDF.

The three-body decay process is efficiently calcu-
lated by using 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 oth-
er hadron. This process can be decomposed using the nar-
row 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 quasi-two-body cascade decay.
As a measure of the degree of approximation of
[(B — RP3)B(B — P, P,) = nz[(B — RP; — P\P,P3), the

variant mass m,+,- is considered in the calculation. Due
to the attenuation amplitude has a Breit-Wigner shape
and depends on the parameter of the invariant mass m,+,-.
In the present manuscript, the effect of this correction is
ignored in view of the range of accuracy. This level of
correction is about 7% and is also a source of uncertainty
in our results [45].

In the local integration results (in Table 1), the local
CP asymmetry associated with B — p(w,¢)P — n*n™ P
can be found by calculating the specific phase space re-
gion. Due to the interference of p—w—¢ caused by the
breaking of isospin, the resonance contribution 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*n~x° pro-
cess, the result obtained by the QCDF approach is signi-
ficantly smaller than that obtained by the PQCD ap-
proach. This is because the amplitude contribution of the
B® - n*nn° process is dominated by the penguin and an-
nihilation contribution. On the contrary, the CP asym-
metry result of the B? —» n*x~K® process is much larger
due to the obvious tree and penguin level contributions in
this process, while the uncertainty of form factor and de-
cay constant also add some uncertaintys to the results.
For the newly added decay processes of BY — n*n n and
B - n*n ', when the threshold interval is 0.75-0.82
GeV, the local integral result becomes significantly lar-
ger, indicating that the CP asymmetry of B? — n*n 5 and
B? - n*n iy decays mainly occurs in the mixing region
of w—p since p is dominant.

In the process of calculating the decay branching ra-
tio (in Table 2), it can also be found that the decay
branching ratio will be smaller when considering the res-
onance effect. The results with and without resonance ef-
fects are compared with PQCD approach and FAT ap-
proach. In general, due 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 larger than that by the PQCD
approach or the QCDF approach, resulting in a larger de-



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

Chin. Phys. C 49, (2025)

cay branching ratio result. The PQCD approach only con-
siders 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 effect. We also find
that the decay branching ratio is lower when considering
resonance effects, especially for the B — n*n~K° pro-
cess. In addition, we also give the uncertainty term in the
calculation results.

Generally, researchers can reconstruct the intermedi-
ate virtual particles p, w and ¢ from the final state mesons
of 7*7~ to measure the decay branching ratio and the pre-
dicted CP asymmetry in experiment. However, it is diffi-
cult to distinguish and analyze the effect of intermediate
mesons p and @ on the final state particle production dur-
ing the experiment. Therefore, it is necessary to consider
the resonance effect. In experiment, the bb production
cross section is huge and of the order of 500 pb, provid-
ing 0.5x 10'? bottom events per year [61]. For n standard
deviation signatures, the number of B,B, pairs that we re-

quired is Nas, ~ #Azz“)(l —AZp) [62], where BR is the de-

Gr8ontn-My€e(A) - i

Sp

50 — S ata)KY) =
M(BS plo—onn )KO) Z(FM

{ Vs Vigfota + Vi, Viy {f Ao P (

cay branching ratio. This equation quantifies the number
of B,B, pair statistics that we required to observe CP
asymmetry in the B, decay channels at n standard devi-
ation signatures. For the decay mode B° — n*nn°, the
number of BB, is 3.40x10'. For B’ —» n*n K, it is
1.18 X 10® pairs. The number of B,B; that we required for
the decay B? —n*nnp and B? —n*nn are 3.70x 10"
and 6.17x 10'°, respectively. We can find that the num-
ber of required B,B, pairs is between 10® and 10''. The
number of BB, pairs at LHCb could be around 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]. As the LHC provides more
and more data, the research on CP asymmetry of B
mesons will reach a higher level in the future. We hope
that these work can provide support for the experimental
research.
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The form of coupling constant g and parameter O in'the paper is as follows:
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APPENDIX B: INPUT PARAMETER

Table B1. Input Parameter Value (GeV) [6, 24, 29, 56, 64].
Ackm = 0.22650 +0.00048 Ackm =0.790*5917 Pey =0.14170016 Tk = 0.357+0.01

mpo = 5.36692 +0.00010 my, = 0.77526 +£0.00023

fp=0213£0.011

my, = 0.78266 +0.00013
f5=0.225+0.011
f:(,) =(1.07+0.02) f;

mg =1.019461 +0.000016

fB, =0.23+0.03
f;(,) =(1.34+0.06) fx

Jw=0.192+0.010

fr=0.130£0.001 fk =0.155+0.004

0_, 0_,
Ayl =0272 FiK =031
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0 s
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