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Abstract: The direct CP asymmetry in quasi-two-body decays of B — (V — n"n7)P is investigated using the per-
turbative QCD (PQCD) method, where P represents a pseudoscalar meson, and ¥ refers to p, w, and ¢ mesons. We
present the amplitude of the quasi-two-body decay process and investigate the effects of mixed resonances in-
volving p° —w, p? — ¢, and w — ¢ while considering the impact of isospin symmetry breaking. We observe signific-
ant CP asymmetry when the invariant mass of the 7z~ pair is within the resonance ranges of p, w, and ¢ mesons.
Consequently, we quantify the regional CP asymmetry in these resonance regions. A significant difference is ob-
served when comparing the results obtained with and without the interference of the three vector mesons and isospin
conservation. The CP asymmetry results obtained from the three-body decay process, without interference owing to
isospin conservation by the PQCD method, are in agreement with the newly updated data acquired by the LHCb ex-

periment.
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I. INTRODUCTION

CP asymmetry, which plays a crucial role in elucidat-
ing the matter-antimatter asymmetry of the universe,
holds significant theoretical and experimental import-
ance in the field of particle physics [1, 2]. CP asymmetry
has been experimentally observed in the decay processes
of K, B, and D mesons [3—5]. CP asymmetry is closely
related to weak and strong phases. The CKM matrix de-
scribes the mixing between different quark flavors and
carries the phase information responsible for CP asym-
metry. The weak phase originates from the CKM matrix,
which represents the transformation of quarks from their
mass eigenstates to weak interaction eigenstates. Mean-
while, the strong phase arises from hadronic matrices and
intermediate states [6]. Recently, CP asymmetry has been
observed in the course of B-meson multi-body decays in
experiments [7, 8]. The investigation of CP asymmetry in
multi-body decays of B mesons plays an increasingly
pivotal role in both scrutinizing the CKM mechanism of
the SM and exploring novel sources of CP asymmetry

[9].
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In contrast to the two-body decay, the three-body de-
cay of B meson encompasses both resonance and non-res-
onance contributions, in addition to being influenced by
final state re-scattering in KK — nxr interactions [10]. The
observation of significant CP asymmetry in localized re-
gions of phase space for charmless three-body B-meson
decays has been reported through model-independent
analyses. In LHCb experiments, researchers have conduc-
ted extensive investigations into the full phase space of B
meson decays, with particular emphasis on a specific in-
variant mass region. The CP asymmetry in the
B* - n*n n* decay process is denoted as Ay across the
entire phase space, with a measured value of ARy = (5.8+
0.8+0.9+0.7)%. In the specified invariant mass regions,
for the low invariant mass region in which m2 _, <
0.4 GeV* and the high invariant mass region in which
M2 yign < 15 GeV? | the CP asymmetry is represented by
ALy, with a corresponding value of Ay =(58.4+8.2+
2.7+0.7)%. Intherescatteringregion, defined by m;. .- ., <
15 GeV?, the CP asymmetry is denoted as A%y, with a
measured value of AG=(17.2+2.1+1.2+0.7)% [11,
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12]. The data were extracted from the B* — n*n” K* de-
cay to measure the integrated CP asymmetry over the full
phase space, where All¥ is determined as (2.5+0.4+0.4+
0.7)%. Furthermore, measurements were conducted in
specific regions: the low invariant mass region
(0.08 GeV* < m?,- <0.66 GeV*) and the high invariant
mass region (m2.,. > 15GeV?), yielding Ay values of
(67.8+7.8£32+0.7)% and A values of (12.1+
1.2+ 1.7 £0.7)% in the rescattering regions with 1.0 GeV <
My < 1.5GeV [10, 12].

The three-body decay process contains intricate dy-
namical information. In the LHCb experiment, the decay
of three-body B mesons is analyzed using the Dalitz plot
[10, 12]. The characteristics of the resonance amplitudes
can be clearly observed from the Dalitz diagram, reveal-
ing that scalar and vector resonances with invariant
masses of less than approximately 1 GeV/c? are domin-
ant [13]. In the decay of charged B meson, the Dalitz dia-
gram shows that evident CP asymmetry exists when the
invariant masses of 7z~ are in the p°(770) and f,(980)
resonance regions [14, 15]. Until recently, a resonance
model that accurately describes these effects has been
lacking [7, 8]. Our previous results showed that there is a
large CP asymmetry at the regions of the p°(770) and
w(782) resonance for B meson decay process [16—20].

The three-body charmless decay of B mesons is
primarily governed by a quasi-two-body process in-
volving an intermediate resonance state. The effects of
this resonance can be accurately described using the
Breit-Wigner (BW) formalism. To achieve a comprehens-
ive understanding of CP asymmetry, various theoretical
frameworks have been employed to describe the
multibody decays of B mesons, including QCD factoriza-
tion (QCDF) [16, 17] and perturbative QCD (PQCD) [18,
21]. In the decay process of the B meson, different meth-
ods introduce different phases, thereby affecting the value
of CP asymmetry. In the QCDF method, the b-quark
mass my, is considered to approach infinity in the decay of
the B meson, while neglecting the higher-order contribu-
tion of 1/my,. The consideration is solely focused on the
longitudinal momentum, while the transverse momentum,
which is relatively small in magnitude, can be disreg-
arded when compared to its longitudinal counterpart [22].
The PQCD approach preserves the k; transverse mo-
mentum, selects an appropriate scale, and introduces Su-
dakov factors to resolve endpoint divergences [23, 24].
Our objective is to investigate the CP asymmetry associ-
ated with vector meson resonances in the three-body de-
cay of B mesons using the PQCD method.

According to the Vector Meson Dominated (VMD)
model, the polarization of photons in vacuum leads to the
emergence of vector particles such as p°, @, and ¢. The
annihilation of e*e™ into photons results in the produc-
tion of a pair of #*7~ through an intermediate neutral vec-
tor meson. The decay of p° into n*z~ is an isospin-con-

serving process, while the decays of w and ¢ into 77~ in-
volve isospin asymmetry. To better describe these decay
processes, we utilize a unitary matrix transformation to
convert the isospin of the intermediate state (non-physic-
al states) into a physical field. By observing interference
between the resonant mesons (0°, w, and ¢), valuable in-
sights into their kinetic mechanisms can be obtained. Fur-
thermore, it should be noted that the presence of interme-
diate resonance hadrons contributes to the formation of a
new strong phase, which may have implications for CP
asymmetry in hadronic decays. We investigate the im-
pact of mixed resonance of intermediate particles on CP
asymmetry in the three-body decay process of B meson.
Examining the decay of vector meson resonances will en-
able more precise measurement of CP asymmetry in fu-
ture experiments. In addition, we discuss regional vari-
ations in CP asymmetry for comparison with experiment-
al results.

The layout of the present paper is as follows: In Sec.
II, we discuss resonant contributions to three-body de-
cays of B mesons. The quasi-two-body method
B— VP(V — PP) is employed to investigate the CP
asymmetry. Sec. III is dedicated to the examination of
direct CP asymmetry. The regional CP asymmetries
arising from the resonance effects of p°, w, and ¢ are con-
sidered. We illustrate the form of the three-body decay
amplitude of the B meson after considering the above res-
onance effect and present the CP asymmetry. The numer-
ical results of and a discussion on the local CP asym-
metry are presented in Sec. IV. Sec. V presents our con-
clusions.

II. EFFECT OF VECTOR MESON RESONANCE
ON THREE-BODY DECAY OF BMESON

A. Mixing mechanism

Based on the VMD model, electrons and positrons an-
nihilate to generate photons, which are further polarized
to form vector mesons p°, w, and ¢. Then, these vector
mesons decay into a pair of 7" 7~ mesons [19]. In this
mechanism, the mixing parameters corresponding to two
vector particles can be obtained by using the electromag-
netic form factor of the 7 meson.

As the 09 (w;, ¢;) resonance state is a non-physical
state, we use the unitary matrix R to transform the isospin
field into the physical field: p%(w;,¢;) — p°(w,¢). The di-
agonal elements of the unitary matrix R are equal to 1,
while the off-diagonal elements encode information re-
garding the p°—w—¢ mixture. The contribution of high
order terms is ignored in the process of this transforma-
tion. The resonance effects for A,,,B.s, and C,s are
defined by a set of mixed amplitude parameters, where it
holds that A, =—-A,0, Bus=—-Bsy,, and Chs=—Cyp.
The amplitude represents a first-order approximation that
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is dependent on the variable s, which in turn is related to

P° o7 1
w = R(s) wy = pr(s)
¢ ér Cpp(s)

According to the transformation relation of the R mat-
rix, the expression form of the resonance state in the
physical state is given as ¢ = C,04(5)p? + Bog($)wy + ¢y, w =
Apow(s)p? tw;— Bw¢(s)¢1’ pO = p? - Apow(s)wl - C,(>0¢(S)¢I
[20].

We define the mixing parameters Ily,y, (where V; and
V; represent distinct vector mesons) as [18, 25]

B B I,
Apo = A = (s—mf)o +impl o) = (s —m2, +im,I,)’
Bw¢ = _B(/’w = . H‘“¢ . >
(s —m2 +im,I,) — (s —mg +imyly)
o4
Chog = —Cyp = @)

(s—mf)0 +imgol ) — (s—m(f5 +imgly)

The term s—m?+im, I, represents the inverse of the
vector meson propagator, where s denotes the invariant
mass squared of the 7*2~ meson [26]. The decay width of
the vector meson is indicated by I'y, and the mass of the
vector meson is represented by my,.

The parameters Ao, By, Cpy, and Ilyy, are con-
sidered as first-order approximations. Any product of two
parameters can be disregarded owing to its higher-order
nature. We hereby define

)
~ (s— my + imy L )0,

1o, = - - s
e (5= min +impl0)— (s —m2 +im,I,)
~ (s— mﬁo +imgol o)Ly,
0p — N . 1)
A (s—mzo+1mpofpo)—(s—mé+1m¢1”(,,)
~ (S - mi + 1m¢r¢)nw¢
oy 3)

C(s—=m+im,I,) — (s—m3+imsly)

Through the derivation process of the mixed paramet-
ers, it can be inferred that a correlation exists between the
mixed parameters and s. These mixed parameters amal-
gamate the contributions from both resonant and non-res-
onant components arising owing to isospin symmetry
breaking effects in the direct decay process, while also
exhibiting momentum dependence. Based on the avail-
able experimental results, we can accurately determine

the square of momentum. The expression is

_pr(s) - ptl)(s) p(l)
1 —B4(s) wr |- (1)
Buu(s) 1 é,.

[
the mixing parameters I1,, = —4470+250 + 160 —i(5800+
2000 + 1100) MeV? in the vicinity of the p° meson. The
mixing parameters Il =720+ 180 -i(870 + 320) MeV?
are obtained near the ¢ meson [27, 28]. Isospin sym-
metry is manifested in the decay of the B meson as the p
meson decay to 7z~ satisfies isospin conservation, while
the decay of w and ¢ mesons violates this conservation.

B. CP asymmetry induced by interference

The decay B— (V- x*n7)m(K) is modeled as a
quasi-two-body process, where V represents an intermedi-
ate vector meson. The presence of vector meson reson-
ances in the decay process significantly impacts the
strong phase, tree, and penguin amplitudes. In Fig. 1, for
the decay of B — [p(w,¢) — n*n"|n(K), we investigate
the impacts of various vector meson resonances.

According to the three-vector meson mixing mechan-
ism, and neglecting the contribution of higher order
terms, we can derive the decay diagram for the B —
[0°(w,¢) — n*n~1n(K) decay process, as illustrated in dia-
grams (a) ~ (i) of Fig. 1. In diagram (a), it can be ob-
served that the B meson directly decays to produce a pair
of n*7~ mesons through the intermediate state of the p°
meson. Simultaneously, it is evident that both the @ and ¢
mesons also contribute to the production of a pair of 7*n~
mesons through direct decays: ¢ — 7 and w — 7w, as
shown in diagrams (d) and (g), respectively.

We illustrate various effects arising from mixed res-
onances in diagrams (b), (c), (e), (f), (h), and (i) of Fig. 1.
In addition to the direct decay of vector mesons (0°, w,
and ¢) into a pair of 7*7~ mesons, the production of such
meson pairs can also occur through resonances of vector
mesons. During this decay process, isospin symmetry is
violated. The black dots in the diagram represent mixing,
expressed as Ily,y,. As shown in diagrams (e) and (h), the
¢ and @ mesons respectively resonate with the p° meson,
and subsequently, the p° meson decays further into a pair
of n*n~ mesons. The corresponding mixing parameters
are I, and I1yo,, where I1y, is generated in the ¢ —p°
resonance process and I, is generated in the w—p° res-
onance process. Diagrams (b) and (c) illustrate the decay
processes of the p° meson into a pair of 7*7~ mesons via
¢ and w resonances, respectively.
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Fig. 1.

The decay of the @ and ¢ mesons into a pair of n*n~
mesons violates the law of isospin conservation.
However, considering the small mixing parameter, the
contribution arising from the mixing of w and ¢ can be
treated as a higher-order term that may be neglected.
Consequently, we can disregard the contributions from
diagrams (b), (¢), (f), and (i). An amplitude analysis of
this decay channel reveals that p° dominates the contribu-
tion [29-31]. However, it is crucial to consider the strong
phase generated by the mixed resonance and its impact on
CP asymmetry. It should be noted that the mixed para-
meters I, and I1,, are approximations at the first or-
der.

The amplitudes for diagrams (a), (e), and (h) in Fig. 1
are represented by A,, A., and A,, respectively. We
provide the amplitude expression for the three-body de-
cay process B — n*nn(K) as follows:

A=A, +A, +A,. “4)

According to Fig. 1, the quasi-two-body approach is
adopted to compute the CP asymmetry in B meson de-
cays. The symbol A(p’xr) denotes the decay amplitudes of
the B — p%r process. The term S—mﬁo +imol o repres-
ents the inverse of the p° meson propagator. The coup-
ling constant for the p — mr transition is denoted by
g”' ™" with its absolute value denoted by |g?7"0=7 7| =

at —
T B T
m(K)
T m
¢ —w
T B T
mt wt
™~ B T
m(K)

Diagrams of B — n*n~n(K) decay process.

6.00 [32, 33]. The coupling constant is a complex num-
ber, as reported in reference [33]. The strong phase has
been incorporated into the mixing parameter, which was
determined through experimental fitting. In diagram (a),
the amplitude expression for the direct decay of the p°
meson is presented as follows:

V-t

A = &
T s—m2 +imol
b 00 PP

A7) )

Based on the contributions depicted in diagrams (e)
and (h) within the framework of the PQCD approach, we
have derived the decay amplitudes A, and A, that encom-
pass mixed contributions, expressed as follows:

0 -
g -
A, = . | L o,
e (S - mﬁo + 1mpoI"po)(s - mé + 1m¢1"¢) 0 (¢7‘[)
(6)
(N
A= - g - I 0, Alwr),
(s— mﬁo +implo)(s—m2 +im,l,) "

(7

where A(¢r) and A(wn) represent the decay amplitudes
of B— ¢ and B — wn, respectively. We define the dif-
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ferential parameter of CP asymmetry as

AP A ®
C AR+ [A]

C. Regional CP asymmetry

Recently, the LHCb experiment yielded significant
discoveries by directly measuring CP asymmetry in
charmless decays of B mesons involving three-body final
states, providing evidence for substantial values within a
specific region of the phase space. The decay process
B, — n*n~n~ exhibits a significant CP asymmetry within
the invariant mass region (m2. -, <0.4GeV?) [12]. In
|

0 A+ =
gp =Ty
A= 2 Cimol o) B

(s—mp0+1mpo 00)

> eWeW- (pi-py)

A==1,0

__ gp();ﬂﬁﬂia/ g (p;: +p;r)” (p; +p7:)r
(s—mf)0 +imgol ) Bu | oK mio

In the three-body decay process, we utilize the prin-
ciples of momentum and energy conservation to trans-
form the equation as follows: Pz =p;+p,+p, and
m7; = p;, aiming to facilitate computational procedures.
Here, /s and \s' represent the low and high invariant
masses of the pair of n*z~ mesons, respectively. By fix-
ing the variable s and considering the dependency
between its values, we can determine an appropriate
value s that satisfies the formula % =1/2 (s}, + i)
where s, and s, represent the maximum and minim-
um values, respectively [14]. According to the kinetic
principles of the three-body decay process, we can derive
the regional CP asymmetry in the B, —» n*n 7~ decay
process within a certain invariant mass range:

o D dslids (- $)" (P - [4]") (10)
¢ [2ds [2ds (-5 (142 +[Af)
1

The numerator and denominator of Acp can be integ-
rated over the range Q(s; <s<s,,5] <5 <s3). The in-
tegration interval for the high-invariant mass of the 7z~

meson pair is s <s' < s}, where [;*ds'(E-5)" repres-
1
ents a factor dependent on s’. Through kinematic analys-
is, the correlation between X and s’ can be readily de-
termined. Assuming a finite range, we can consider X to
oy "2
be constant. Consequently, the term f_:/f ds' (£-5)" be-

comes negligible in the calculation, rendering A%, inde-
pendent of the high invariant mass of positive and negat-
ive particles. In the B — n*n~ K decay process, a similar

this study, we compute the Acp integrals to facilitate com-
parison with experimental observations.

The amplitude of the B, — p’n~ decay can be ex-
pressed as My o =Py, € (1), where o represents the
contribution from PQCD and is independent of the polar-
ization state A. Here, P denotes the momentum of the
B;, meson, € is the polarization vector of the p° meson,
and A specifies the polarization direction of €. The amp-
litude for the p°—a*n~ decay can be written as
M,foﬂ,ﬁ,,f =g"'" " e(A)- (pf—py), where g#~" is the
effective coupling constant, and e represents the polariza-
tion vector of the p” meson. Hence, the amplitude of
B, = p°(0° - ntn)n is

Z

(Pr=p2)" = Hrmrr 0 )
Pr = Px (s—m20+impofpo) D - € ’

0 + -
aas 3F 4
g

[
method can also be used to calculate regional CP asym-
metry.

III. CALCULATION PROCESS AND ANALYSIS
OF CP ASYMMETRY

In the calculation of CP asymmetry, we consider the
contribution of the mixed resonance mechanism to the
three-body decay amplitude. For B meson decays, the
PQCD method is employed to separate the decay process
into its hard components and non-perturbative parts. The
hard components are isolated and analyzed using perturb-
ative theory, while the non-perturbative parts are incor-
porated into universal meson wave functions. The decay
of B mesons involves intricate dynamical phenomena,
wherein a light quark exhibits significant kinetic energy
while the spectator quark remains relatively stationary.
Subsequently, the spectator quark undergoes an ex-
change of a high-energy gluon, thereby acquiring addi-
tional kinetic energy and accelerating to combine with a
light quark, resulting in the production of a rapidly mov-
ing final meson. The final meson further decays into the
pair of 7*7~ mesons, and the transverse momentum (kz)
is retained in the PQCD method. To handle endpoint di-
vergences, the Sudakov factor is introduced to suppress
long-range interactions in the small transverse mo-
mentum range, thereby ensuring that the entire process
can be perturbatively calculated effectively [34, 35]. The
parameters used in the calculation are derived from
Table 1.
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Table 1.

Other parameters are from [24, 33, 36].

Mass (GeV) mp, =5279.34+0.12
mygo = 497.611£0.013

Wolfenstein parameters

mp, = 5.27965+0.12
my, = 775.26+0.25

2 = 0.22650+0.00048 A=0.790*3017

e = 139.57 mo = 134.98

mg, = 782.65+0.12 mg = 1019.461+0.016

5 =0.14170016 7=0.357+0.011

-0.017
Decay constants (GeV) fz = 190.0+1.3 fr = 130.2£1.2 fx = 155.7£0.3 fy =022
fiw =0.195 f5=023 £, =0.209 =014
Decay width (GeV) r,=0.15 I, =849x1073 [y =423x1073

A. CP asymmetry analysis of the
B, = (0%, w,¢ - n*n~)n” decay process
The Dalitz diagram analysis of the decay amplitude
B* - n*tnr n* in two-dimensional phase space is per-
formed, as indicated by the relevant literature [11]. Phe-
nomenological investigations have primarily focused on
exploring regional CP asymmetries in the decay process
B* — ntnn*, with certain studies emphasizing the signi-
ficance of the p°-w mixing effects between p° and w,
highlighting potential interference between the resonance
of p° and the broad S-wave contribution [11, 12]. The
resonance contributions of p—w, w—¢, and p—¢ can
give rise to a novel strong phase. To facilitate clearer ob-
servation, we select the energy range of 0.7 GeV to 1.1
GeV, which corresponds to the primary region in which
significant effects of decay processes involving p°, w,
and ¢ resonances are exhibited.
We can obtain the Dalitz diagram for the B meson de-
cay process from experiments. By analyzing the Dalitz

diagram, we can determine the existence of resonance
states, study the energy momentum relationships in the
decay process, and further explore the impact of reson-
ance and non-resonance contributions on the B meson
three-body decay process. However, because the B meson
phase space allows for multiple types of resonances to ex-
ist, there may be a large number of intermediate states.
Investigating these resonance structures is a complex task
and it should be noted that it is not possible to distin-
guish between the contributions made by the p° meson
and w meson in experiments.

Using the PQCD method and considering the CKM
matrix elements V,,V:, and V,V; in the B, — (0,
— n*n7)n~ three-body decay process, we can provide the
amplitude expression for CP asymmetry. Fig. 1 encom-
passes the direct decay modes of the vector meson and
the mixed resonance decay modes of two vector mesons.
The three-body decay amplitude of the B meson in dia-
gram (a) of Fig. 1 is expressed as follows:

Ala) =A(B; —(p° > n*n )" = Z

A=0,£1

GrPp- € (D) & €() (Pa+ — Pr-) y {
2(s— mf}n + imporpu)

Vub V;d {(11 [ﬂsll;(ﬂ’p)

+ AL (1, p) = AL (p.m)| + ay ALy (p,7) + Cy [ AL (7, p) + ALy (m,p) — Ay (p,1) | + C AL (p.7) }

Vi Vi {(a4 +ay) [Ary (n,0) + ALf (1) = AL (p,1)| + (a6 + ag) [A (m,0) + A (. p) = A (p. 7))

3 3 1
- (a4 — 507 50— alO) Agy (p,m) +(C3 + Co) [ Ay (m,p) + Ag, (7,0) = Ay (p,m)| +(Cs + C) (A (7, p)

2 2 2

3 1

+ Ay (1,0) = Agy (0,7)| = <C3 - ECIO_ 3

The momentum parameter P; (P; = P, Pr, Pr) IS
defined, where e represents the polarization vector of the
vector meson. The Fermi coupling constant is denoted as
Gr. C; is the Wilson coefficient, and q; is related to the
Wilson coefficient C; [37]. Three flow structures are
labeled as LL,LR, and SP. A,, refers to the contribution
of factorizable emission diagrams, whereas A, repres-
ents the contribution of nonfactorizable emission dia-
grams. Similarly, A.; (A,,) denotes the contribution of
factorizable (nonfactorizable) annihilation diagrams.

¢) Ao+l CAlom - (co-0) Alem} | ay

2

VwVi, and V,,V: can be measured experimentally and
theoretically represented by the Wolfstein parameters A4,

2
p, A and n: V, Vi, =A(p—in) (1 - %) and V,V;; =
AL (1-p+in).

Diagrams (d) and (g) of Fig. 1 represent the direct de-
cay process of the ¢ and w mesons, respectively, produ-
cing the pair of 7"z~ mesons. Owing to isospin sym-
metry breaking, the contributions of @ and ¢ to this de-
cay can be neglected. The specific expression of the
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three-body decay amplitude in the vector meson reson-

~GpPp- € (D) g €(A)- (P — P

ance, as shown in diagram (e), is as follows:

Ae) =AB,~@-p" > ' a ) = )

A=0,+1

2(s— m/z)(, +impolp)(s —mg +imgly)

00

1 1 1 1
X {v,b Vi { (a3 +a5— a7 - Eag) AL (p,m) + <C4 -3 c.0> AP, 1) +(Cs - 3 cg)ﬂf_,’;@,n)}. (12)

The @ meson and p° meson undergo resonance, and
subsequently, the p° meson decays into the pair of #*n~

GiPy € () g €() (Prr = pr-) -

mesons. The amplitude of the three-body decay shown in
diagram (h) of Fig. 1 is as follows:

A(h) =AB,>(w-p" > )m )=

A=0,x1

2(s — mio +impl0)(s—m2 +im,[,) "

Lo, {Vu,, Vi {ai [AL(m,w)

+ ﬂﬁf-(ﬂ, w)+ ﬂf;(a),ﬂ)] +a, ﬂaLIf(w,ﬂ) +C, [ﬂf;(n, w)+ ﬂéﬁ(ﬂ, w)+ ﬂLL(w,n)] +C, ﬂde((u,ﬂ)}

gh

-V, V5, {(a4 +ay) [AL (1, 0) + AL (1, w) + AL (,m)] + (ag +as) [A) (1,0) + A (1, 0) + AL (w, 7))

1 1 1
+ <2a3 ta;+2as+-a;+=ag— = a10> AL (w,m) +(C3 + Co) [AL (m, w) + AL (71, w) + ALy (w, )]

2 2 2

1 1
+(Cs+Cy) [AY] (m,w) + A (m,0) + Ay (w,m)| + ((13 +2C4— 7Co+5 Cm) A (w,7)

gh

+ (2C6+%C8) AR (w, )+ (C5 - %Q) ﬂff(w,ﬂ)}}. (13)

The contributions of the mixed resonance modes
=0, w—¢, p° —w, and ¢ — w to the pair of 7*7~ mesons
are comparatively smaller than those of the direct decay
processes, namely ¢ — nr and w — 7w, Hence, we do not
consider the contributions from diagrams (b), (¢), (f), and
(i) in Fig. 1.

We present a diagram illustrating the relationship
between CP asymmetry and the invariant mass +/s in the
quasi-two-body decay B, — (0°,w,¢ — xtn")x~ within
the interference range. The results for the B, — n*n~n~
decay process are presented in Figs. 2 and 3. As depicted
in Figs. 2 and 3, it is evident that the CP asymmetry of

1.0

0.5

-0.5

0.70 0.75 0.80 0.85 0.90 095 1.00
Vs (GeV)

Fig. 2. Plot of Acp as a function of +/s corresponding to
central parameter values of CKM matrix elements for the de-
cay channel of B~ - ntnn™.

[
the B, — n*n 7~ channel undergoes a change when the
invariant masses of the n*n~ pair encompass the reson-
ance range of w and ¢, with a maximum CP asymmetry
of 94%. The decay process B, — n*n~n~ exhibits a signi-
ficant variation in CP asymmetry when the invariant
masses of the n*n~ pair approach 0.76 GeV, reaching a
peak value of 94%. This behavior can be attributed to the
effect arising from the mixing mechanism between p°
and w. Consequently, interference effects are expected
within the range of 0.7-0.8 GeV, as indicated by
Fig. 2, along with small peaks observed in the invariant
mass range corresponding to ¢ according to Fig. 3, in

0.0165

. 0.0164
0.0163
0.0162
1016 1.018 1.020 1.022 1.024
Vs (GeV)
Fig. 3. CP asymmetry plot near the invariant mass of ¢ for

the decay channel of B~ — n*n~n~ from the central parameter
values of CKM matrix elements.
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which the CP asymmetry is measured as 1.6%.

B. CP asymmetry analysis of the
B, = (0%, w,¢ > n*n)K~ decay process

Experimental observations have revealed that specif-
ic regional CP asymmetries in phase space exhibit a
greater magnitude compared with the overall CP asym-
metry in phase space [13]. The CP asymmetry in the

B —n*n K~ decay process has been measured as
(25£04+£04+0.7)% in the full phase space and
(67.8+7.8+£3.2+0.7)% within a specified low invariant
mass region [10, 12].

Considering the resonance effect of the wvector
mesons, namely p°, w, and ¢, we present the amplitude of
the decay process B, — (0°,w,¢ — n*n)K~ following a
similar mechanism. The three-body direct decay amp-
litude in diagram (a) of Fig. 1 is as follows:

GrPy € (D) ¢ €() (P = Pr-)

Aa) =A (B,;—> (po - 7r+7r’) K’) = Z

A=0,£1

2(s— mﬁo +imul )

X {vub Vi{ay [AL(K.p) + AL (K. p)| + ar ALy (0, K) + Co [ALL(K.p) + AL (K.p)| + C ALy (p. K) }

=V Vi {(a4+alo) (A (K. p) + AL (K, p)] + (a6 +ag) [ Ao (K, p) + A (K, p)]

+2 (a7 +a9) ALL(p, K) + (Cs + Co) [ALL(K, p) + AL (K, p)] +(Cs + Cy) [AS] (K, p)

ALK )]+ 3 C A 0. K+ 2 CoAt 0. K) | | (14)

The ¢ meson enters into a resonance with the p° meson, and subsequently, the p° meson decays further into the pair
of 7*n~ mesons. The amplitude of the three-body decay shown in diagram (e) of Fig. 1 is as follows:

Ae) =AB,>(p—p’ > T )K) = Y

1
2

—a; ——

+C2ﬂgh(¢ K)} th ’;{(a3+a4+a5—2

1 1
+(06+Clg)ﬂ (¢ K)+ <C3+C4—2C9—§C10)

+(C3 + Co) Agy (¢, K) +(Cs + C1) Ay (9, K)}

GrPy, € (D) """ ) (pr —pr) o {
Paryt! \/E(s - mf)o +imgol ) (s — mé + 1m¢F¢)

AL(G,K) + (06 - %cg)

Vo Vg { a1 A7 (8, K)

1
Qg 2a10> Ay (8, K) + (s +a10) A (B, K)

1
A (@ K)+(Cs = 07) AL ($,K)

(15)

The @ meson and p° meson undergo resonance, and subsequently, the p° meson decays into the pair of n*n~
mesons. The amplitude of the three-body decay shown in diagram (h) of Fig. 1 is as follows:

A(h) =AB,>(w-p" > 7 )K)= >

GrPy € (D) & €() (P = Pr-) =

A=0,£1

2(s— mfyo +imgpl o) (s —m2 +im,I,)

I, {Vub Vi {a) ALK, w)

+ ALK, w)] + @ AL (@, K) + C; [AL(K, 0) + ALK, )] + C ALk (w,K) } = Vip V, {(a4 +ay0) [AE (K, w)

ALK, w)] +(as +as) [AL (K,w) + A (K,w)] + (

LK, w)] +(Cs +Cy) [AY (K, w) + A (K, w)| + (

In Fig. 4, the observed behavior of the CP asymmetry
in the B, - n*n~ K~ decay process provides valuable in-
sights into the dynamics of this decay channel. As we ap-
proach the resonance range of w, a significant change in

1 1
2a3+2a5+§a7+5a9)

1 1
2Cs+ = C8> AR (w,K) + (2c4 += c.0>

(W, K) +(C3 + Co) [ALH(K, w)

AwO} ). 16)

2 2

the CP asymmetry is evident, reaching a peak value of
70%. This suggests that there is a strong influence from
the w resonance on the decay process. However, when we
consider the resonance range of ¢, only slight variations
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0.6
0.4
g
< 02
0.0
-0.2
0.7 0.8 0.9 1.0 L1 12
Vs (GeV)
Fig. 4. Plot of Acp as a function of +/s corresponding to

central parameter values of CKM matrix elements for the de-
cay channel of B, - n*7 K"

in CP asymmetry are observed. This can be attributed to
several factors. It is worth noting that the specific decay
process B, — (¢ — n*n~)K~ experiences a further reduc-
tion in its overall amplitude owing to interference from
¢ — p mixing resonance. This interference effect leads to a
decrease in observable changes in CP asymmetry within
the resonance range of ¢.

GrPpo-€ (D" "™ () (pas — Pr-)

C. CP asymmetry analysis of the
BY = (0°,w,¢ - n*x)n” decay process

Considering the vector meson p° - - ¢ resonance ef-
fect, the process of B} — n*n~n° can be further elabor-
ated. The presence of these vector mesons in the decay
channel introduces additional dynamics and interactions
that contribute to the overall behavior of this process.
They play a crucial role in understanding strong interac-
tions. In particular, their resonant behavior is associated
with a peak in the CP asymmetry for certain energy ranges.

In the decay process of BY— n*n~n°, the vector
meson resonance effect refers to how these particles can
influence or modify the decay process. By considering
this resonance effect, we can gain insights into various
aspects of B — n*n~n°. For instance, it helps us under-
stand how different intermediate states involving vector
mesons contribute to the final state particles (pions) ob-
served experimentally. It also provides information re-
garding possible interference patterns between different
amplitudes contributing to this decay process.

The amplitudes of the decay process B) — n*n n®
arising from various intermediate vector mesons can be
presented. The amplitude ABY — (0° — n*717)7°) corres-
ponds to diagram (a) in Fig. 1, which can be expressed as

Aa) =AB~ (@’ — n* ) = Y

A1=0,%1

2 \/z(s - mio +impl o)

{Vub V:d {(12 [_ ﬂ%(ﬂ',P)

- AL (o, 70) + ALf (r,p) + ALf (p.m)] + C [ - ALy (71,p) = AL (p,10) + Al (7, p) + Al (p, )|

3 1 3
— ViV { (a4 - >ag- *am) [ A (r.p) + A (0, )] + 5 a7 [ A (r,p) = Agy (o, )]

2 2

1 3 3 1
+ (03 -—Co—= clo> (AL (., p) + AL (o, )| — 5 G (AL, p) + AL (o, )] + (a6 -3 ag) [AL (., p)

2 2

1
A ) + A (ou0)] + (cs = c7) (57 () + AL o) + AL .00 + AL .0

1

1 1 1 1
+ (2&3 +a4—2a5 ——a;+—<-ay— *alo) [ﬂé?(ﬂ,p)-{-ﬂéﬁ(p,ﬂ')] + <C3 +2C4— EC() + *C10>

2 2 2

2

1
X [ALr(m,p) + ALk (p,m)] + (2 Co+ 3 cg) (ALK (7r,p0) + AL (p, )] } } (17)

The vector meson effective mixing resonance modes for the decay process B’S — (p° - 7t )n are ¢p—p° and w—p°,
where the p° meson undergoes resonance with either the ¢ or @ meson, and subsequently, the p® meson decays into the
pair of 7*n~ mesons, corresponding to diagrams (e) and (h) of Fig. 1. The three-body decay amplitude forms of the mix-

ing resonance modes are expressed as

GiPpo-€ (D) g7 () (pre — pr-) =

A©) =AB~(¢—p* > ) = Y

A=0,x1

. 11
X {thth { (a3+a5—§a7—§ag

2s—m2y +imp L) (s—m +im,ly)
1 1
) ﬂébL((ﬁ,ﬂ') + <C4 5 C10> ﬂde(@ﬂ) + (Cé 3 Cs) ﬂfg(‘ﬁ,ﬂ)} } s (18)
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GrPp-€ (1) g7 () (pr —

Pr)

A(h) = A(BY—>(w-p° > )m) = Y

A=0,£1

2V2(s— m +impl o) (s —m2 +imy, )

I, {m Via {a2 [AG (1, 0)

(W, 1) + AL (,w) + AL (,m)] + Cy [ALf (1, 0) = ALy (w,70) + Ay (1, ) + Ay (w,m)] } = Vi Vi

1 1 1
(2ag+a4+2a5+2a7+ ag—*(lm) ﬂab(a) ) — (C3+2C4—§C9+ 2C10>ﬂcd(a) )

x{
1 3 3
- <2C6+ 5Cg) AR (w,m) - (a4+ S —5a

1
C3—EC9—

falo)[ AL (m, a))+ﬂ L(n, w)+ﬂef(w 71)]

%cm)[ AL (T, w) + Ay (71, w) + ALy (a)n)]+3C3 (AL (7, w) + AL (71, w) + AL (w, )]

1 1
a6—5a8> [ﬂab(ﬂw)+ﬂ (7rw)+ﬂ (wn)} (C5—§C7)[ (7rw)+ﬂ Plw,n)

ﬂ;:(n, w)+ ﬂgf(w,n)} } } ,

In Fig. 5, we present the relationship between the in-
variant mass of the n*n~ pair and the CP asymmetry in
the decay process BY) — n*n~z°. Within a specific range
of invariant masses, we observe a significant variation in
the CP asymmetry within the p° —w — ¢ mass region. The
maximum value of CP asymmetry reaches 91%. Notably,
slight peaks are observed at positions corresponding to
the mass of the ¢ meson from Fig. 6.

To gain further insights into these observations, we
investigate the impact of both three-particle and two-
particle mixing effects on CP asymmetry in this decay
process. By conducting regional integration analysis of
CP and examining the resonance effects on CP asym-
metry, we enhance our understanding of the contribu-
tions from different factors to variations in CP violation.
Detailed discussions regarding this topic are presented in
the subsequent section.

D. CP asymmetry analysis of the B} — (0°,w
¢ — n*n7)K° decay process

The above amplitude analysis investigates the impact
of vector meson resonance effects on decay processes.
During the decay process, vector meson resonances can
induce the generation of strong phases. Different vector
meson resonances can be observed to have varying ef-
fects on the CP asymmetry of decay processes. Investig-
ating the resonance effect of vector mesons not only
yields valuable physical insights into intermediate
mesons in multi-body decay processes, but also presents a
novel avenue for future experimental inquiries into CP
asymmetry. Currently, there are no experimental data
available on the BY — (0°,w,¢ — n*n7)K® decay process.

(19)

1.0

0.5

=
5
= 00

-0.5

0.7 0.8 0.9

Vs (GeV)
Fig. 5.
central parameter values of CKM matrix elements for the de-
cay channel of B

Plot of Acp as a function of +/s corresponding to

— ata a0,

0.0042
0.0041

o
= 0.0040

0.0039

1.016 1.018 1.020

Vs (GeV)

1.022 1.024

Fig. 6.
the decay channel of B — n*2=z° from the central parameter

CP asymmetry plot near the invariant mass of ¢ for

values of CKM matrix elements.

We present the amplitude formulation of the B — (0%, w

¢ — n*n)K® decay process within the framework of
PQCD. The three-body amplitude corresponding to dia-
gram (a) of Fig. 1 can be expressed as follows:

GrPp-€ (D) g" "™ () (Pre — pr-)

A@) = AB— (" > K )= >

—m? i
1021 2(S mpo +1mp0 po)
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X

—

- — 1 — — 1
Vs Vig{ a2 [Al (0. 8] +C [AL (0, K] } Vi Vi {<a4 - a.o) [ALE p) + AR, p)] + (c3 -5 cg)

_ — 1 _ _ 1 _ _
x [A (K, p)+ A (K, p)] + (aﬁ -5 as) (A (K.p)+ A (K., p)] + (Cs -5 c7) (A7 (K.p)+ Az (K, p)]

—

I _ 3 _
(a7 +a5) A (0, K) = 5 Cs A (p, K) = 5 Cro ALy p, K)} } . (20)

NSRROM

In Fig. 1, diagram (h) exhibits the resonance phenomenon between the p° meson and @ meson, along with the decay
process of the p° meson into the pair of 77~ mesons, which is indicated by black dots. Diagram (e) bears resemblance
to diagram (h), yet it presents the decay process of the o meson via the ¢ resonance. The amplitudes associated with
diagrams (h) and (e) of Fig. 1 can be expressed as follows:

GrPp-€ (1) g™ () (pr — Pe)

30 0 + T
A(h) = AB=(w - &) =
()= AB~(w=p" > 7K = 2(s—m2y +impal ) (s~ +imyy)

A=0,+1

0w

_ _ 1 _ _
X {Vu,, Vida [Aly(w,K)| +Ci [AL(,K)] } = (Vs Vi, {(04 ~ 5 @0) (A (K, w) + AL (K, w)] +(Cs

1 — _ 1 — _ 1 _
-3 a,) (ALK, w)+ AL (K, w)] + <a6 -3 ag) (A (K, w)+ A (K,w)] + (CS -3 c7) (A7 (K, w)

— 1 1 - 1 - 1 _
+ Ay (K,w)] + <2a3 +2as+ S+ fag) AL (w0, K)+(2C,4 +3 C10> A (w,K) + (2 Cot3 Cg) AR (w, K)} }

2
21
=0 I ~GrPi-€ (D) 8" e(D)- (P = pa) -
A@e) = ABy>(p—p’ »n'n )K= Y TR D8 P P,
io0al \/z(s —my + imgo o) (s —my +imyly)
X {v % { (a +as+a —la —la —la ) AL, K) + (a —la ) AL, K) + (a —la ) AL (¢, K)
th Vis 3 4 5 ) 7 2 9 ) 10 ab \¥> 4 ) 10 ef \@> 6 ) 8 ef >
1 1 — 1 — 1 _ —
+ (03 +Ci=5Co=3 Clo) AL (4, K)+ (06 -5 Cs) AL, K)+ <C5 -3 67) (A (8. K) + A (6, K)]
1 —
+ (Ca -3 Cg) ﬂg,fw,K)}}.
(22)
The results of CP asymmetry for the B} — n*n~K° de-
cay process are presented in Fig. 7. As depicted in Fig. 7,
it is evident that the CP asymmetry of the B} — n*7 K°
channel undergoes variations when the invariant masses 0.8
of the pair of n*7~ mesons encompass the ranges corres- 010
ponding to resonances such as @ and ¢. Notably, a max- s
imum CP asymmetry of —18% can be achieved. <
The CP asymmetry in the decay process B — n*n K° -0

exhibits a significant change when the invariant mass of ~0.16
the pair of 7*7~ mesons approaches 0.75 GeV, reaching a s
peak value of —18%. This behavior can be attributed to ' o o5 o m ” ”
the interference effect arising from the p-w mixing Vi (Gev)
mechanism, which is expected to occur within the range Fig. 7. Plot of Acp as a function of /s corresponding to
of 0.7-0.8 GeV. In addition, small peaks are observed in central parameter values of CKM matrix elements for the de-
the invariant mass range corresponding to ¢. In the decay cay channel of B) — n*n K°.
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of BY—(¢ — n*n")K®, penguin graph contributions play a
significant role. Notably, the resonance effect arising
from p°— ¢ mixing exerts a substantial influence on CP
asymmetry, resulting in an associated value of —9%.

IV. ANALYSIS OF REGIONAL CP ASYMMETRY
IN THE DECAY PROCESS

The narrow width approximation (NWA) is em-
ployed in our calculation to decompose the three body de-
cay process into two successive quasi-two-body decays:
B— (R— n*n")P, where R denotes the resonance state
and P represents either a 7 or K meson. Considering the
intermediate resonance state R, we introduce the correc-
tion factor 5z to define the expression

_ B(B—)RP;—)P]Png)
" B(B— RP;))B(R — P,P2)’

B (23)

which shows the relationship between the branch ratio
measured around the resonance region and the branch ra-
tio of the three-body decay of the B meson [38]. Accord-
ing to the QCDF method, the correction factor 7z is ap-
proximately 7% during the decay B, — n*n 7~ [39, 40].
When calculating CP asymmetry, both the numerator and
denominator contain the correction factor rng, and they
can cancel one another.

We investigate the resonant and non-resonant contri-
butions within a specific region, examining how various
particle resonances contribute to the CP asymmetry. Our

calculations involve integrating the differential CP asym-
metry parameter in both the numerator and denominator
simultaneously, allowing us to derive regional CP asym-
metry.

Theoretical errors can lead to uncertainty of the res-
ults in Table 2. The first error results from the variations
in CKM parameters, and the second originates from had-
ronic parameters such as shape parameters, form factors,
decay constants, and B meson wave functions. In Table 2,
we present a comparison between our calculated results
and the existing experimental data. Notably, intriguing
observations of significant regional CP asymmetry have
been reported in experiments conducted by the LHCDb,
BaBar, and Belle collaborations. Subsequently, we in-
vestigate the influence of different resonance effects on
regional CP asymmetry. Owing to the close masses of the
p° and w mesons in these experiments, distinguishing
between them becomes challenging. To address this is-
sue, we incorporate this scenario into our calculations us-
ing the PQCD method within the resonance framework
for decay channels such as B} — n*xK°, B) - n*nn°,
B, »n*n~K~, and B, — n*n~n~. Our results align with
experimental error ranges, validating the accuracy of our
calculation method. Specifically, in the decay channel of
BY —» n*n K°, we observe that resonance contributions
from three-particle mixtures significantly impact CP
asymmetry.

In the decay process of B} — n*n~ K, a significant CP
asymmetry value can be obtained by the intermediate p°
meson. Considering the resonance effect of vector

Table 2. Peak regional (0.70GeV < s < 1.10GeV) integral of A%, from different resonance ranges for the B; —» n*n"K° , By — n*na,

B, »n*x" K~ ,and B, - n*n~n~ decay processes.

Decay channel This work

Previous measurements (no mixing)

BY - n*n KO ~0.1683+0.0013+0.0000 ( p° )

Bg -t

B, »ntn K~

B, »>ntn "

~0.0847 +0.0000 + 0.0084 ( p° — w mixing )
~0.0813 +0.0064 +0.0052 ( p° — ¢ mixing)
~0.0847 +0.0056 +0.0089 ( ¢—p° —w mixing )
~0.0054 +0.0004 +0.0011 ( p° )
0.0173+0.0109+0.0015 ( p° — w mixing )
~0.0055 +0.0006 +0.0011 ( p° — ¢ mixing )
0.0147 +0.0014 = 0.0086 ( ¢ —p° — w mixing)
0.2093 +0.0206 = 0.0044 ( p° )

0.1771 +0.0084 = 0.0061 ( p° — w mixing )
0.2109 = 0.0207 +0.0023 ( p° — ¢ mixing)
0.3470+0.0310+0.0709 ( ¢ —p° — w mixing)
0.0065+0.0014 +0.0031 (p° )
0.0256+0.0013 % 0.0016 ( p° — w mixing)
0.0076+0.0006 +0.0023 ( p° — ¢ mixing)
0.0260 = 0.0034 £ 0.0047 ( ¢ —p° — w mixing)

0.150 + 0.019 = 0.011 LHCb [8]
0.44 + 0.10 + 0.04 BaBar [41]
0.30 £ 0.11 + 0.02 Belle [42]

-0.004 + 0.017  0.009 LHCb [8]
0.30 £ 0.11 + 0.02 Belle [42]
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mesons, the CP asymmetry value of three-body decay
changes significantly. Combining the data in Table 2, the
resonance effect plays a role in suppressing the CP asym-
metry value of three-body decay. The suppression effects
of two and three vector meson mixture resonances on the
CP asymmetry value of the decay process are not signi-
ficantly different.

In the decay process of B — n*znn°, the mixed res-
onance effect of p° —w and ¢ — p° — w makes a substantial
contribution to CP asymmetry. The CP asymmetry value
associated with the direct decay of the p° meson closely
approximates the value obtained under the p°—¢ mixed
resonance mechanism, indicating that this process is min-
imally affected by the presence of p°—¢ mixed reson-
ance. Currently, there is a lack of experimental studies in-
vestigating the CP asymmetry in the BY— n*n K(r)
three-body decay process. We anticipate that our predic-
tion can serve as a valuable reference for future experi-
ments.

The CP asymmetry value resulting from the interme-
diate p° meson in the B, — n*7~ K(rr) decay process falls
within the experimental error range. The decay process
B, —» n*n~ K~ exhibits a suppression effect owing to the
presence of p° —w resonance, while significant contribu-
tions to CP asymmetry are observed from both the p° —w
and ¢ —p° — w resonances. Notably, the three-particle res-
onance contribution surpasses that of the p°-¢ mixed
resonance in terms of CP asymmetry. In the decay pro-
cess of B, - n*n n~, various mixed resonances have
been considered in this study, leading to an overall en-
hancement in the CP asymmetry value. The contributions
from the p°—w and ¢ —p° —w mixed resonances are ap-
proximately equal in terms of CP asymmetry, while the
mixing mechanism involving p°—¢ also contributes to
CP asymmetry but with a smaller effect.

For vector particle resonances, the decay processes
B, — n*nn® and B, — n*n n~ exhibit significant contri-
butions to CP asymmetry compared with non-resonant
decays. It is noteworthy that clear manifestations of CP
asymmetry are observed within the resonance range. In
the decay channel of B, — n*n~ K™, the resonance effects
contribute more prominently to CP asymmetry, resulting
in increased regional values similar to those observed in
the decay channel B, — a*n~K° within their respective
invariant mass ranges.

tyy = max(ay,pB,,,bi,b3), a,
toq = max(ay. Bl b2.b3), @y
tf,d = maX(ag’ﬁf,d’bz,bs), af;
tep = max(ay,By . b2,bs), @y
10y = max(a;,Be by b3), @l =

— 2 P
= my X1 X2, B,

V. SUMMARY AND DISCUSSION

We conducted a comprehensive analysis of the CP
asymmetry in the three-body decay of the B meson, fo-
cusing specifically on regions of the invariant mass of the
pair of n*n~ mesons. The research findings revealed an
intriguing phenomenon: there are significant changes in
CP asymmetry in different resonance regions (e.g., reson-
ances of the p°, w, and ¢ mesons). This finding suggests
that these resonances play a significant role in influen-
cing the decay dynamics and subsequent CP asymmetry.
The presence of such distinct changes in CP asymmetry
across different resonance regions provides valuable in-
sights into our understanding of fundamental particle in-
teractions. It highlights how specific energy regimes can
affect particle decays and their associated symmetries.

We quantified the regional CP asymmetry by integrat-
ing over the phase space. In decays such as B} — n*n K?,
B> ntnn®, B, >n*n"K~, and B, > n'n n,we ob-
served CP asymmetry arising from contributions of two-
meson and three-meson mixing processes. Notably, signi-
ficant regional CP asymmetry was observed when in-
volving p° — ¢ —w mixing. Experimental detection of re-
gional CP asymmetry can be achieved by reconstructing
resonant states of the p°, @, and ¢ mesons within their re-
spective resonance regions.

Recently, the LHCb experimental group has made
significant progress in investigating the three-body decay
of the B meson and has obtained noteworthy findings. By
analyzing previous experimental data, they have meas-
ured direct CP asymmetry in various decay modes such
as B* - KK K*, B* - ntn"K*, B* »> n*n n*, and B* —
K*K n*. Building upon the achievements of LHCb ex-
periments, future investigations are expected to focus
primarily on exploring the regional CP asymmetry of the
three-body decays of the B meson in the resonance re-
gions of p°, m, and ¢ mesons.

APPENDIX A: RELATED FUNCTIONS DEFINED
IN THE TEXT
For ease of calculation, we define a scalar scale t and

specify the concrete forms of some parameters, as fol-
lows:

_ 2 vV _ 2 vV o_ 2
= myX) X3, B, = myXxs, B, = myXxy,

= myx1 X3, B = myx3 (X — %), B = mpx3(x; —x2),

= myx; (X1 — %3), B = myx, (x) — x3),

_ 2 = vV _ 2 = Vv _ 2
=mpxy X3, B, = mpXs, By = mpxa,

2 = P _ 2 = P _ 2
my X2 X3, B, = mpXy, By = mpxs,
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fyn = max(ay.By,.bi.by), @, = mpxXs, By = @ —mpX (a+X3), By = @, —mpx; (x, + %)
1, = max(a,,B,.b1,by), al =myXx, Bl = af —mp % (% +x3), By = @l —myx (X +X3). (A1)
s i
Within the framework of PQCD, the non-perturbat- Oy = 7(P3+ My)ysdp(x,b). (A2)
ive part of the decay process is incorporated into the 6

meson wave function. In this appendix, we present the
expressions for the initial and final meson wave func-
tions and the distribution amplitudes. The meson wave
function should be a function related to kr, and the B

In the above distribution amplitude ¢z(x,b), x repres-
ents the momentum fraction of the light quark in the B
meson, and b represents the coordinate in the b space of
the transverse momentum conjugate; its phenomenologic-
meson wave function can be expressed as [35, 43, 44, 45] al expression for the distribution amplitude is

xlmB)

2 1 212
——wypb ¢, A3
\/ELL)B } ( )

$p(x.b) = N2> (1-x)exp{ - ( S
where wpserves as a free parameter, and N acts as the normalization coefficient. In experiments involving B® and B~
mesons, wp is typically set to 0.4+0.04 GeV. When w, = 0.4 GeV, the normalization coefficient N yields a value of
Np =91.7456 [46, 47]. The specific expression for the distribution amplitude of the final meson is as follows, where the

vector meson V=p (w or @) [48, 49]: ¢y (x) = 3y 2, ¢y(x) = 3y (=0, ¢y(x) = v (1+7), ¢y (x) = 3y (=1), where t =
S 2V6 2v6 86 46

2x—1. Here, f, and f" represent the decay constants for the longitudinal and transverse polarizations of vector
mesons, respectively. The amplitude of the final-state distribution of scalar mesons is presented below. For the scalar
meson P = 7 (K) [50],

fe

¢ (x) = %3)«1 — 0 +d"CP(0)+db CY* (D) + b CY (0], (A4)
ProN _ Je 5, 1/2 9 , P12
80 =57 |1+ (30m = 305 | G0 30mws + 55031 + 6aDCI0) (AS)
1 7 3

0109 = S2=1-20 [ 146 (5= gmen = 3008~ Skl ) 1= 103+ 109, (A6)
where t=2x-— 1, ns = 0015, w3 = —3, and the mass ratio af — C2 +Cl/3 aé’ — Cl +C2/3 af — C4 +C’;/3. (AS)
Prk) = Muy/myY.  The chiral scales are given by .
mg=14+03 GeV and mg =1.6+0.1 GeV, respectively. Here, ¢% and ¢}, are the twist-2 wave functions, whereas
The Gegenbauer polynomials C)(r) are #h' and ¢}’ are the twist-3 wave functions. We provide

specific expressions for the factorizable and non-factoriz-
able amplitudes within PQCD, where rp = mp/mg and
rv = my/mg.

We formally define Aj(M,M,) = A{(M;,M>)+
A(M,,M,). For the amplitude building block
Cfﬂ(;) =3z, (A7) Al(M, M), we employ the letter i to signify Feynman
diagrams. Herein, (a) and (b) denote decomposable emis-
sion diagrams, (¢) and (d) denote non-decomposable
emission diagrams, (e) and (f) denote decomposable anni-
hilation diagrams, and (g) and (h) denote non-factorized
pressed as annihilation diagrams. We use the letter j to represent the

1 1

%0 = SGC =D, Cl (1) = g (13307 4350,
3 15

GPw=36r -1, =3 (1147 4218,

The aggregated Gegenbauer moments a; associated
with the pertinent meson distribution amplitudes are ex-
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three flow structures, namely j = LL for (V-A)® After inserting the operators j = LL for (V-A)®(V-

(V-A), j = LR for (V-A)®(V+A), and j = SP for . B F— SPfor —2(S — P
—2(S — P)®(S + P). The precise formulation of the con- A), j = LR for (V-A)(V +4), andj = § P for -2(S - P)®

stant C is presented below: (S +P), the decay amplitude contributions ALL(P,V),

xC ASP(P,V), and ASF(P,V) generated by the decomposable
C= ZF m?ngfP- (A9) .. .

N¢ emission diagram can be expressed as follows:
ALPV) = C/dxl dx; dby dbs Hu(ry B b1, b3) (1) Ci(ty ) { b5 [8) (1 + x3) + (), + ¢)) (K3 — x3)] ], (A10)
AL (PV)=C / doxy dxy dby dbs Hap(avy By b1, b3) (1) it )2 rp {f [ = By + by x5 =4y, 2+ x3)] |, (Al1)
ALV, P)=Cf) / dox dxy dby dby Hap(ary B b1 o) @y (85) { ds [#5 (1 + x2) + (¢ + ¢5) (R2 = x2)] }» (A12)
APV, P)=0. Al3 contributions to the insertion of structure (V -A)®(V —A),

. (V.P) (A13)

but ALL(P,V) and ALL(P,V), as detailed in [51], corres-
ALLP, V) and ALL(P,V) both represent amplitude  pond to different decay factorizable emission diagrams.

ﬂiL(P, V)= Zc/dxl dxs dbldbSHab(a:,ﬂ}‘j,bS,bl)as(t[‘,/)Ci(t}‘:)St(xl)¢B¢:/, (Al4)
A (PV) = —C/dxl dxy dby dbs Hap(ay By b3, b) (1) Cty) S ((x)2rp { @5 [@y X1 +28751] | (A15)
AV, P) = ZCf“,l /dxl dx, db; db, Hab(a/gvﬁlljvabl)ax([][:)ci(t]f)sl(xl)(l)Bqﬁ[pm (Al6)

After inserting the three-stream structure, the amplitude contribution of the non-decomposable emission diagram is
as follows:

ALPV) = C/dxl dxy dx3 dby dby Hegery ,BY b1, bo) ay(1)) Cit!) S (x3)¢ { b [#) (X2 — x1) + (¢, — b)) x3] }bl:bg,
(A17)

AKP,V) = C/dxl dx; dx; db, db, Hcd(a:,ﬂf,bl,bz)%(ﬂ/) Ci(t)) S 1(x3)d% {¢B [‘IX/ (x1 — %)+ (¢§/ + ‘W) x3 =y xs] }b]:b3,

(A18)
ASPPvy=C / dx; dx, dos dby dby Hog(ay BY b1, bo) (1)) Ci(1)) S (x3)
{85 [(85+0) (87 -8y +07) 1 = %)= (85— 0) (B +¢7) %3]}, (A19)
ALV, P)=C / dx; dx, dxs dby dbs Hea(@f B, b1,b3) as(tD) CiltD) S () dy, {ds [ (B3 = x) = (85 = 85) 2] 3, .
(A20)
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ARV, P) = C/dxl dx, dx; db, dbs Hcd(aﬁ,ﬁf,bl,ba)%(tf) Ci(t9) S 1(x2)

&y {85 [6F (55— x1) = (85 + 6) X2 + 65 X2 }b1=bz’

ALV, P) = C/dxl dxy dxs dby dbs Hea(ary ,BE, b1, b3) (1) Ci(2]) S ((x2)

{06 (65 + 05 —85) (B +}) (s —x) = (8h+b) (8 — 1) 22 }, L, -

AP Vv)=C / dox; dx, dos dby dby Hea(ay By b1, Do) (1) Cilty) S (x3)

&5 {bs[dy (x1 —x2) + (8} + }) X3 — ¢} x3] }bl:bz,

AFPV) = C/dxl dx, dx; dby dby Hea(ry By b1, ba) (1) Cilty) S ((x3) 5 { @5 [9y (X2 = x1) + (04 = 67) %3] }, _,

APV = C/dxl dx, dx; dby dby Heg(ay By b1, ba) (1) Ci(1y) S ((x3)

{05 [(6h—05) (8 -8, +87) (a—x0)+ (B + ) (8 +¢3) 3] }, .

ALV, P) = C/dxl dx, dx; db, db; Hcd(ag,ﬁg,bl,b3)6¥s(f5)ci(t5)5t(x2)

¢y {85 (65 (x1 —x3) + ($h+6h) m—dhxa] },

AFwv.Py=C / dx; dx; dxy dby dbs Hea(al By, b1, b3) as(1]) Cil1]) S ((x2)y, { (85 [ (1 = x3) + (85 = 8p) x2] },. s

APV, P) = C/dxl dx, dx; db, db; Hcd(aﬁ,ﬁﬁ,bl,bs)as(tﬁ) Ci(t)) S (x2)

{85 [(95+ 85— 85) (8} —Y) (3 =x1) = (85 +65) (84 + %) 2] },. .

(A21)

(A22)

(A23)

(A24)

(A25)

(A26)

(A27)

(A28)

In the factorizable annihilation diagrams, the amplitude contributions of (V—-A)®(V—-A), (V-A)®(V+A), and

-2(S — P)®(S + P) are as follows:
AP Vvy=C / dx, dx3 dby dbs Hep(a), B ba, by) (1)) Cit ) {285 [ x3 + ¢} (1 + X3)| =450} %3} S (%3),
A (PV)=2C / dxy dxs dby dbs Hop(ey BY b, b3) ars(t])Ci(2)) S 1(Fs) { 6% (8 + 8Y) %3 =25 %}
ALV, P)=-C / dx, dx3 dby dbs Hep(al BL b3, b2) (1)) Ci(tD) {65 ¢ %o + 203 [¢h (1 + %) + B 2] } S (%2,
AF(V,P)=2C / dx, dxs dby dbs Hep(@f, L ba, bo) a,(t)Ci(1]) S 1(52) {285 8y + 8y (85 + 65) T2},

ALPV)=C / dxy dxs dby dbs Hep(a) By, b3, b2) a(1]) Cit){dh &) x2 = 20 [¢5 (1 + x2) = ¢} %o | } S 1(x2),
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AP Vy=2C / dx, dx3 dby dbs Hep(a) By b3, b2) e (1)Ci(1}) S 1(x2) {285 ¢ — (05— 8}) by x2 |,
ﬂ_?L(V, P)= C/dxz dx3 db, dbs He_f(a(f,ﬁ;, by, b3) as(f_l;) Ci(f_l;){‘#zi Py X3 =247 [¢tv H—¢y(1+ X3)} } S 1(x3),

AV, P)=2C / dxy dxy dby dbs Ho () B, b, b3) (1)) Cilt)) S 1(x3) {205 8y — 85 (81, — 6)) %3}

(A34)

(A35)

(A36)

In an irreducible annihilation diagram, all three wave functions are involved. The decay amplitudes for the three

types of processes take the following forms:

ﬂgL(P, V) = C/dJC] de d.X3 dbl dbz th((l’;/,ﬁv,b],bz)()!s(l;) C,(Z‘g){(pg [((ﬁg ¢§/ - ¢fp¢‘§/) (.723 —.Xz) —¢?, ¢‘{, (xl + Xz)

+(Bhey —gp ) o+ B 250 + 46500},

AFPYV) = C/dxl dxy dxs dby dby Hen(ay By b1, ) () Cilty ) {5 [ (85 8y — 9o 87 ) (3 = x2) + 95 By (x1 + F3)

—(Ph 8y —dpdy) n+ T =25)— 40 dv] 1, _,

ﬂzP(P, V)= C/d)C] dx, dX3 db, db, th(a;/,ﬁ;,/,b] ,bz)a’s(l‘;/) C,(f;){¢3 [¢aP (¢[V —(]5:/) (x3—x1)— (¢$ +¢IP) ¢‘\}/

+ 5 (8~ V) + (P +0p) ¢y (=T}, ..

ﬂéL(V’ P) = C/dxl d)Cz d)C3 dbl db3 th(aap,ﬁg,bl,bgas(tg) C,([Z;){(ﬁg [((ﬁ];;(ﬁﬁ/ —¢TP¢€/) ()22 —X3) —¢;l) (]3]{/ ()Cl +X3)

— (P oy —dpdy) o+ 3 =25) =45 80] 1, _,

AFV,P)=C / dox; dx dos dby dbs Hi(arl BY, b1, b3) (1)) Citl) { d5 [ (¢5 &) — ¢ B} ) (%2 — x3) + ¢ B} (x1 + X2)

+(Ph oy —pdy) Ga+ 3 =25 +4eh 0] |, .

AF(V.P)=C / dx; dx, dxs dby dbs Hy(al. BL. b1, b3) ay(t0) Ci(tD) { b5 [¢5 (8} + b)) (k1 — x3) — (85— 8)) &)

+ 5 (¢y +0v) + (b —0p) ey (i —x)] }, _, .

AP V)=C / dx; dxy dxs dby dby H(@) By b1, bo) (1)) Ci(t; ) @5 [ (65 8y — B b)) (B3 — x2) + B b (B3 — x1)

~ (05 oy —dheh) o+ B=2x)] }, .

ARPV)=C / dx; dxy dx3 dby dby H(ay By b1, ba) () Ci(t ){ b5 [ (67 ) — 85 BY) (X3 — x2) + B ) (x1 — x2)

+ (‘ﬂ‘lﬁ/ _¢§D¢rv) (X2 + X3 — 2x1)] }hg:h3’

A(PV)=C / dux dxy dxs dby dby Hy(er) B b1, Do) (1)) Ct})) {85 [ (5 + 65) 8 (1 — x2) + 5 (), — ¢y

(X3 —x1)] }bz:bs’
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(A44)

(A45)
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AV, P) = C/dxl dxy dx3 dby dbs Hy,(al.Br b1, bs) (1) Cit)){ b [ (07 8 — dp ) (F2 — x3) + B By, (K2 — x1)

+(Shdy —dpdy) a3 =2x0)] }, _, (A46)

AW, P) = C/dxl dx, dx; dby dbs Hyi(a, By, b1, bs) a(ty) Ci(tf){(bB [((bg Py —bp ¢f/) (%2 = x3) + @5 By (X1 — x3)

— (5o} —dp ) (2 +x3—2x)] }bzzbj, (A47)

A (V,P)=C [ dxdxydxsdby dbs Hy(er) By by, bs) (1) Ci(ty)
h g a>Fh h h

{65 [(6p— ) ¢ (x1 = %) + 65 (8 + 83 ) (s —x)] }, _, - (A48)

The function H is derived from the Fourier transform of the function H° [52], and these definitions are as follows:

Hab(a,ﬂ,bi,bj) = bleKo(bl \/&) {H(b,—bj) Ko(bl \/B) Io(bj \/E) + (bleJ)}, (A49)

N.H.(@,B,b1,b;) = by b; {9(191 -by) Ko (bl ‘/a) Iy (bi \/5) + (bl Hbi)}

n
{9(/3) Ko (b v/B) +1% 0=P) [Jo (bi /=B) +1Yo (bi /=F)] } (A50)
2
Hef(a/,,B,bi,bj) = - Zb,'bj {Jo(b, \/(;) +iY0(b,‘ \/a)}
{0(bi=5;) [Jo(b: v/B) +iYo(bi /B)] Jo (b; V/B) + (i b;) }, (ASD)
i .
NcHgy(a,B,b1,b;) = by b; { 5 9(,3) [Jo (bl \/B) +1Yy (bl \/B)] + 9( —ﬂ) Ko(bl ﬁ) }
im .
> {6(b1 =b;) [Jo(by V) +iYo(by V)] Jo(bi Va) + (by & b;) }. (A52)
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