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Resonant contribution of the three-body decay process 3. — K* K~ P
in perturbative QCD"
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Abstract: We investigate CP violation in the decay process B, — é(o,w)P — K* K~ P by considering the interfer-
ence effects of ¢ > K*K~, p > K*K~, and w — K"K~ within the framework of the perturbative QCD method (P
refers to 7, K, 5, and 17’ pseudoscalar mesons). We analyze the mixings of ¢ —p°, ¢ —w, and w—p° and provide the

amplitudes of the quasi-two-body decay processes. The CP violation for the B, — K* K~ p decay process is obvious

in the ranges of the three vector meson interferences. Meanwhile, the localized CP violation can be found to com-
pare with the experimental results from the three-body decay process at the LHC in the near future.
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I. INTRODUCTION

CP violation is a fascinating phenomenon in particle
physics that has puzzled us for decades. The standard
model (SM) of particle physics provides a framework for
understanding CP violation; however, there are still many
unanswered questions [1]. One area of research focuses
on the search for new sources of CP violation beyond the
Cabibbo-Kobayashi-Maskawa (CKM) matrix. This in-
volves studying rare decays and interactions between
particles to search for deviations from SM predictions.
Another approach is to study CP violation in different
types of particles, such as neutrinos and mesons. Despite
these efforts, much remains unknown about CP violation.

In as early as 2012, the LHCb Collaboration con-
firmed the existence of CP violation in several three-body
decay studies of B mesons and found that the local phase
space of B* _ s+t n* decay channels had large direct
CP violation, which was an interesting phenomenon at
the time [2, 3]. This phenomenon was later found to be
explained by intermediate state resonances between dif-
ferent isospin mesons. The B+ _, z+5—x* decay process
was studied using p —w mixed resonance and found sig-
nificant CP violation in the invariant mass m(z*z~) = 0.77
GeV, which coincides with the position and degree of

local CP violation [4]. There is no doubt that the three-
body decay of heavy mesons is more complex than the
two-body case, with one reason being that they receive
both resonant and non-resonant contributions during the
decay process. The existing experimental results show
that CP asymmetry in some local regions of phase space
may be more obvious. Similarly, the LHCb observed
large asymmetries in local regions in B* — K*z*n~ and
B* - K*K*K~. The invariant mass spectra of B* —
K*r*n~ decays in the region 0.08 < m2.,. < 0.66 GeV?/c*
and m%.,. <15GeV?/c*, and B* — K*K*K~ decays in
the region 1.2 <mg. g, <2.0GeV?/c* and mi. i <
15 GeV?/c* [5]. These local apparent CP asymmetries are
interesting. Currently, the phenomenon of CP asymmetry
in the three-body decay process of B; mesons remains re-
latively unexplored, with limited research from both the-
oretical and experimental perspectives.

This study aims to calculate the CP violation of the
B, » K*K~P decay process via the perturbative QCD
(PQCD) method because the Sudakov factor in PQCD ef-
fectively depresses the non-perturbative contribution and
absorbs the non-perturbative part into the universal had-
ronic wave function [6]. Moreover, this method is self-
consistent in the two-body non-leptonic decay process of
B mesons and has been proved to exhibit the large CP vi-
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olation found in experiments [7]. Indeed, the correspond-
ing two-body decay process of the B meson has been
well-established and developed into various three-body
decay processes, and we can treat three-body decay pro-
cesses using the method of quasi-two body decay pro-
cesses [8, 9]. In recent years, an increasing number of
analyses on precious measurements of branching ratios
and CP violation in three-body decay processes have
been performed by BaBar [10], Belle IT1 [11], CLEO [12],
and LHCb, which provides a great platform to test the
SM and search new physical signals. In this study, we
take the method of quasi-two-body decay processes to
calculate the CP violation of the B — kx+K~-p process
under the mixing mechanism of ¢ — K*K~, p® - K*K~,
and w - K*K™.

The motivation for investigating the resonance effect
among three particles originates from the adjacent masses
of ¢(1020), w(782), and p°(770). The hybrid mechanism,
primarily rooted in the vector meson dominance (VMD)
model, is founded on vector mesons. This process in-
volves the integration of vector meson contributions with-
in the photon propagator in vacuum, where vector mesons
are regarded as propagators interacting with photons. The
fundamental postulate of this model posits that vector
mesons are the primary constituents, suggesting that the
hadronic element of photon vacuum polarization pre-
cisely constitutes a vector meson that is bound by quark-
antiquark pairs [13, 14]. By incorporating information on
K*K~ production and considering the constraints im-
posed by isospin symmetry, the quark model, and the OZI
rule, it becomes feasible to disentangle amplitudes with
isospin / =1 and I =0 components. ¢(1020) and w(782)
match the isospin 7 =0 component. The / =1 component
derives from p°(770). In this study, the ideal field of in-
termediate states is transformed into a computable phys-
ical field through the application of a unitary matrix. Ad-
ditionally, we investigate localized CP violation within
the hybrid resonance range to facilitate meaningful fu-
ture comparisons with experimental results.

We present our work in six parts. The mechanism of
three vector meson mixing is introduced in Section II. In
Section III, we initially investigate CP violation arising
from the involvement of the mixing mechanism in the de-
cay process B, — ¢(p°,w)P — K*K~P- Subsequently, we
present a formalism for local CP violation. In Section 1V,
we introduce the amplitude formalism within the frame-
work of the PQCD method, along with the fundamental
functions and associated parameters. Additionally, we
provide an evaluation of both the magnitude and integ-
rated form of CP violation. An analysis of the data res-
ults can be found in Section V. Finally, we engage in a
comprehensive discussion and provide a concise sum-
mary of our findings.

II. MECHANISM OF THREE VECTOR MESON
MIXING

Positive and negative electrons annihilate into
photons and then are polarized in a vacuum to form the
mesons ¢(1020), p°(770), and w(782), which can also de-
cay into a K*K~ pair. Meanwhile, the momentum can
also be passed through the VMD model [15, 16]. Be-
cause the intermediate state particle is an un-physical
state, we must convert it into a physical field from an
isospin field through the matrix R [17]. Then, we can ob-
tain the physical states of ¢, p°, and . Note that there is
no ¢—p° —w mixing in the physical state, and we neglect
the contribution of the high-order term [18]. The physic-
al states ¢—p”—w can be expressed as linear combina-
tions of the isospin states ¢;— p?—wl. This relationship
can be represented by the following matrix:

o° o7
w =R(s) | wi ) (1
¢ b1
where
(p1lp) {wrlp) (¢1lo0)
R= (orlw) {wi|lw) (p1lw) . 2
(o1l¢) (wilp) (p1lo)

The change between the physical and isospin fields in
the intermediate state of the decay process is related by
the matrix R. The off-diagonal elements of R present in-
formation on ¢ —p” — w mixing. Based on the isospin rep-
resentation of ¢;, pr, and wy, the isospin vector |/,13) can
be constructed, where I3 denotes the third component of
isospin. The variables 7 and j are used to denote the phys-
ical state of the particle and the isospin basis vector, re-
spectively. According to the orthogonal normalization re-
lationship, we can derive the following: > ;I/){jl=
Y5 i<l =1, and (jli) = (jili;) = 6;. We use the nota-
tion Fyy, to denote the mixing parameter, where V; and
V; represent one of the three vector particles. Then, the
transformation matrix R can be converted as follows:

1 - pw(s) _Fp¢(s)
R= Fou(s) 1 —F () . 3)
Fp¢(S) Fu,d,(s) 1

From the translation of the two representations, the
physical states can be written as
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¢ =Fps(5)p) + Foop(S)wr + 1,
w =pr(S)P9 twr— Fw¢(s)¢1,

P =00 = Fpu($)wr — Fpg(8)h1 @)

The relationship between the mixing parameters Ilyy,
and Fyy, can be deduced from the equations

I
pr_s i"‘; ’
0 w
Hp¢
Fp¢—s — 54
0
I1
Fos=y 2y ®)
=S¢

The relationship Fy,y,=-Fy,y, canbe found. The in-
verse propagator of the vector meson, denoted as sy
(V =¢,p, or ), is defined such that sy = s —m? +imyTy.
The variables my and I'y represent the mass and decay
rate of the vector mesons, respectively. Meanwhile, +/s
denotes the invariant mass of the K™K~ pairs.

In this study, the momentum dependence of the mix-
ing parameters Ilyy, of V;V; mixing is introduced to ob-
tain the obvious s dependence. The mixing parameter
I, = —4470 £250 = 160 —i(5800 £ 2000 + 1100)MeV? s
obtained near the p meson, as recently determined pre-
cisely by Wolfe and Maltnan [19—21]. The mixing para-
meter I, = 19000 +i(2500 + 300)MeV? is obtained near
the ¢ muon, and the mixing parameter I, = 720 + 180—
i(870+320)MeV? is obtained near the ¢ meson [22].

K+
@
B K B
(a) P ()
K+
V4
B, K-
(d) P
K+
w
B, K-
(9) P (h)
Fig. 1.

Then, we define

II. CPVIOLATION IN THE 3, _ ¢ (0°, @)
P — K*K~P DECAY PROCESS

A. Resonance effect from V — K*K~

We present decay diagrams (a)-(i) of the B, — ¢(o°,
w)P — K*K™P process in Fig. 1, aiming to provide a
more comprehensive understanding of the mixing mech-
anism.

In the above decay diagrams, the decay processes de-
picted in (a), (d), and (g) represent direct decay modes,
where K*K~ are produced through ¢, p°, and w, respect-
ively. The quasi-two-body approach employed in this
study is evident from the aforementioned diagrams. Com-
pared to the direct decay processes depicted in diagrams
(a), (d), and (g) of Fig. 1, the K*K~ pair can also be gen-
erated through a distinct mixing mechanism. The black
dots in the figure represent the resonance effect between
these two mesons, denoted by the mixing parameter
ITy,y,. Although the contribution from this mixing mech-
anism is relatively small compared to other diagrams in
Fig. 1, it must be considered.

The amplitude of the 3, — ¢ (0°,w) P— K*K™P de-
cay channel can be characterized in the following man-
ner:

A’+
K- B
P
K+ K+
p—w
K- B K-
(f) P

Kt

P

Decay diagrams of the g, — ¢(o°, w)P — K*K~ P process.
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A=(K*K"P|H"|B,)+(K*K~P|H"|B,),  (7)

where the quantiies (KK P|[H"|B;)  and
(K*K™P|H"|Bs) represent the amplitudes associated
with penguin-level and tree-level contributions, respect-
ively. The propagator of the intermediate vector meson
can be transformed from the diagonal matrix to the phys-
ical state after applying the R matrix transformation. Neg-
lecting higher order terms, the amplitudes can be as
demonstrated as

<K+K P|HT| BY> _f[¢+ 7Hp¢l‘¢+ 7Hw¢l¢
SpS.

+g—pt +—H¢ fp+ g 2 Myt
Sp S¢Sp wSp

+ g—“tw + g—"jﬁwtw + g—prtw, 8)
Sw SpSw SpSw

8
(K*K~P|H"|By) —fp + 2L Ty ps + =T ps
S¢ SpSe

8 ®

+Lpy+ Hgppp + HepPp
Sp ws,

~ g ~

+ 8 o+ ——poPow+ —Tlpy P

Sw #Sw pSw
)

where the tree-level (penguin-level) amplitudes 7, (p,),
fw(po), and t4(py) correspond to the decay processes
B, — p°P> B, —» wP> and B, — ¢p, respectively. Here, sy
represents the inverse propagator of the vector meson V
[23]. Moreover, gy represents the coupling constant de-
rived from the decay process of V — K*K~ and can be
expressed as V281t = V28ukk = —8okie = 4.54 [24].

The differential parameter for CP asymmetry can be
expressed as follows:

_IAP-|af

- , 10
AP+ |4 (10

B. Localized CP violation of AZ,

In this study, we perform the integral calculation of
Acp to facilitate future experimental comparisons. For
the decay process B, — ¢p, the amplitude is given by
MB —op = QDB € (1), where pp represents the momenta
of the B, meson, € denotes the polarization vector of ¢,
and 4 corresponds to its polarization. The parameter o re-
mains independent of A. Similarly, in the decay process
¢— K'K~, we can express Mj_ g x. = gs€()(p1—p2),
where p; and p, denote the momenta of the produced K*
and K~ particles from ¢, respectively. Here, the paramet-

er gy represents an effective coupling constant for
¢ — K*K~. Regarding the dynamics of meson decay, the
polarization vector of a vector meson satisfies
S ac0.41 61 (PNENP)" = =(8u = PuPvIm). As a result, we
obtain the total amplitude for the decay process
By — ¢P — K*K~P [4, 25, 26]:

Y€ (D& (D) .
A=ap) Hsiv&bkk (p1-p2)
' ¢
_ Spuk@ _(pr+p2), (p1+p2) ,
§ p*; { #S 1 (p1-p2)
M
= % . 78’*)117: . (E_S/)
S¢  PB, "€
=(Z-5)-A
(1)

The high (v/s') and low +/s ranges are defined to cal-
culate the invariant mass of K~K*. By setting a fixed
value for s, we can determine an appropriate value for s’
that fulfills the equation X = (s, +Shn,) /2, Where
Smax(811) denotes the maximum (minimum) value.

Utilizing the principles of three-body kinematics, we
can deduce the local CP asymmetry for the decay
B, — K*+K~ P within a specific range of invariant mass:

S ds [ ds (2= ) (IAR - |AP)
S ds jS; ds’ (2 - )% (AP +|AR)

(12)

ACP

Our calculation considers the dependence of
2= (Shax + Sin) /2 0N 5', assuming that sj, > "> i
represents an integral 1nterva1 of high invariant mass for
the K~K* meson pair, and f ds'(E-5")* represents a
factor dependent on s’. The correlatlon between X and s’
can be easily determined through kinematic analysis be-
cause s’ only varies on a small scale. Therefore, we can
consider X as a constant. This allows us to cancel out the
term J. :{Z ds’(Z—-5")? in both the numerator and denominat-
or, resulting in A®, no longer depending on the high in-
variant mass of positive and negative particles.

IV. AMPLITUDES OF QUASI-TWO-BODY DE-
CAY PROCESSES WITHIN THE FRAME-
WORK OF PERTURBATIVE QCD

A. Formulation of calculations

The three-body decay process is accompanied by in-
tricate and multifaceted dynamical mechanisms. The
PQCD method is known for its efficacy in handling per-
turbation corrections. It has been successfully applied to
two-body non-light decay processes and also exhibits
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promise for quasi-two-body decay processes. In the which can be extracted through experimental measure-
framework of PQCD, within the rest frame of a heavy B ments. However, employing perturbation theory allows
meson, the decay process involves the production of two for the computation of this hard contribution. Quasi-two-
light mesons with significantly large momenta that exhib- body decay can be computed by defining the intermedi-
it rapid motion. The dominance of hard interactions in ate state of decay.
this decay amplitude arises owing to insufficient time to Using the quasi-two-body decay method, the total
exchange soft gluons with final-state mesons. Given the litude of 7 0 0 kR0 i ’ d
high velocity of these final-state mesons, a hard gluon amplitude of B, — ¢ (p _’ ®) « 0 no s compose)
of two components: B, ¢ (0, ) © and ¢ (p°,

imparts momentum to the light spectator quark within the s ) ]
B meson, resulting in the formation of a rapidly moving ~ @) — K"K". In this study, we illustrate the methodology

final-state meson. Consequently, this hard interaction is ~ Of the quasi-two-body decay process using the example
described by six quark operators. The nonperturbative dy- of B, — pn’ — K* K70, based on matrix elements in-
namics are encapsulated within the meson wave function, volving Vy,, Vi, and V,p,, V.

VaA (B, - % (6 > K*K")) = GrPB.* Y =041 €(Dgse™ (D) - (P — pi-)

‘/§S¢
s { Vi Vi[5 (e + B (C)
33 3.3
1 G, (G 30) )
s {f” B-e\ 2% 7 2" Bog \ "8 TR0 (13)

where Pp, pi-, and pi- are the momenta of g, K™, and K™, respectively, C; (a;) is the Wilson coefficient (associated
Wilson coefficient), € is the polarization of the vector meson, Gr is the Fermi constant, and f; refers to the decay con-
stants of 7 [27]. Furthermore, FL- L and M-, » represent emission graphs that are factorable and non-factorable, re-
spectively, and FLL and MLL represent anmhllatlon graphs that are factorable and non-factorable, respectively. LL, LR,
and S P correspond to three flow structures [6].

The additional representations of the three-body decay amplitudes that should be considered to calculate CP viola-
tion through the mixed mechanism in this study are as follows:

Grppo Y a=0,41 €(D8p€ (D) - (Pr- — pi-)
s

X { Vi Viss [ f5. Fhb(a2) + Mé,f,,(@) + f5, FEE (@) + MEE(Cy)]
— Vo Vi [f5 FEE (a3 + ao) = f5 FER (as+a7) + MEE (Ca+ Co)
= M3E (Co+Cs)+ [n7 & p7] + f5,FLL (a3 + ao) — fp FLr (as +az)

+Mg (Ca+ Cro) = Mg, (Co+Co) + [p" & 17|} (14)

2A (B? - p° (po — K+K_> ﬂo) =

GFrPp Y 1=0,+1 €()8w€ (D) - (pr- — pr-)
V25,

. 3 3
{ Vi Vi MEL (c)) =V, Vi {Mﬁ,fn <§c10) -M3P (508) +[n’ e w]} } ) (15)

24 (B} » n’w(w - K*K")) =

GFrppo - Y a=0,41 €(D8p€" () (P — Pi-)
‘/§S¢

. 1 1 1
X {—Vsz{d {f«ﬁFé\L_)K (613 +as— a7 - 5@) +fKFzL;\_Lq¢ <a4 - Ealo)

A (B(s) — K% (q) - K+K_)) =
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1 1 1
_fKFg,\P—Nﬁ (a6 - Eag) +M£L?{‘—>K (C4 - EC]O) +MIL;{‘_)¢ <C3 - ECQ)
_asSP 1 _ agLR 1 l
My k| Co 2C8 Mg~ 4\ Cs 2C7 + 8. F g 510

1 1 1
—fB ann < 5615;) +Mann (C3 - ECg) Mgrlfn (CS - §C7>} } . (16)

- G B * —0.+1 € /l E* /l . - = -
N (B? S K% (p— K*K")) = FPB " Y =041 €(D8p€ () - (P — pi-)
Vs,

% * 1
X {Vub Vi [foF 5k (@) + ME=, x (C2)] = Vip Vi [Mé{:K ( ~Cs+ 567)

3 1 3 3
+prI§SLHK (—a4 + 5617 + Ealo + §a9> —M‘;P;K (§C8>

1 3 1
+M§YL_>K <—C3 + ECQ + §C10> +fB\F£nLn (—a4 + 56110)

1 1 1
+fB ann (—a6 + Eag) + MgnLn <—C3 + ECg) + Mﬁfn (—Cs + §C7>} } . (17)

. Grpp > 1c0.+1 €Dgue ) - (pr- — pi-
VoA (B? S K% (0> K*K)) = FPB " D _2=0,+1 i/i)gw (D (pr — i)
Sw

. 1
X { Vs Vg [fuF 5k (@2) + MG, (C2)] = Vip Vi {M’g{LK (Cs - 567)

1 1 1
+walI§f‘aK <2a3 +ag +2as + 5617 + Eag - Ea]())

1 1 1
+ M5 (C3 +2C4=5Co+ 5cm) + ML <c3 - Ecg)
<p 1 1
_MB—>K 2C6+2Cg +f8.F a4—5a10

1 1
i F3t (a5 gas ) + Mtk (c5_§c7)}}. (18)

- GrPp - Y =041 €4 (A (prer — ) 0
A(B > 6 (6 - K*K)) = FPB D2 o,1€i/§)f¢e( )+ (P — P % {C(\)/SE { VoV [FiF 5 (@) + M-, (C)]
¢

~VirVis {f”FIé.\-LH¢ (203 -2as— St 5(19)

1 1
+Mg-, (204 + 5C10> +M3P., (206 + Ecgﬂ }

, 1 1 1
—siné {—Vrth*S {stlL;‘L_)q) <a3 +a4—as+ —-a;— —-ag— 261]0)

2 2
s P 1 EDURN R S |
+MB~>¢7 C6 Cg +f3 as+aq a5+2a7 2a9 2a10
+ M <C3 +C4—1C9—1C10) ~fa.F <a6_148>
ann 2 2 ann 2

M (Cs- 500 ) -t (Co-5C5) [+ I o 0]}
(19)
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= GrpPpo Y a=0+1 €D (D) - (P — P
A(Bg_”]po (p0—>K+K‘)) _UrPi > a=0.+1 €€ (D) - (Pr+ — pi-)
V2s,

cosf 3 3 3 3
A5 {vavi [ s (S0 3 )+ math, () - st (s |

+VarVy [fB Fom (@2) + Mg, (Cz)} +[0" < mi] }

_S'\'/];{ Vi Vi, {prBw (@) +M B_m (Cz)}

. . (3 3 3 3
Vi [, (e et (3600) -0 (360) -

— G RO * —0.+ Eﬂ, wE* /l . v — -
A(Bgﬁnw(w_)KJrK-)) _Grpp > a=0.+1 €Dgwe () - (pr — Pi-)

(55 i)

" 1
- thVt‘ |: ann (2C4 + = CIO) 5,51 <2C6 + ECS)

1 1
+ fB (2613 —2a5—§a7+ 209)} + [7]" L 0.)]}

sinf .
- \/z { ume {waB -1, (a2)+M1L3 -1, (CZ)}

, 1 ]
N thVt*S |:wa§%—>17\ <2a3 + 2615 + 5617 + 5(/19)
1 : 1

it (2ci+yci0) w3, (2ce+ 50 ) |} .

_ Grpm S o1 €D2a€" )+ (P — P
A(BY o (p—KK)) = FPBo Za_o,_lfi/_)gﬁ (D (P — pr-)
2S¢

siné
X {* {V Vies [P B g (a2) + M=, (C2))]

V2
* LL 1 1

- VuVi f"FB,—>¢ 2a3—2a5—5a7+§a9

MEE [ 2C lc P (2c IC
+Mp .y 4+§ 10)+Mg_,, 6+§ s

" LL 1 1 1

+cos0 =V Vi | [sFB Ly a3+a4_a5+§a7_§a9_§am

1
9—5010

, 1 , 1
+M1S;‘.1:¢ <C6_ §C8> +stng” (a3 +as—as+ 74175

2

1
2
LL 1 1 1
+Mann C3+C4_7C9_§C10 fB aG_EaS
1 1
~Me, (Cs— §C7> M (Cﬁ—ics)} +[n, o ¢ }}
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Grpp Y 1=0,+1 (g€ (D) - (P — pi-)

sinf 3 3 3 3
{5 { vV .7t (oo 3 )+ (Sew) a2t (S )|

A(BY > (0° > K*K)) =

+Vuhv fB, ann (a2)+M¢I;y{;, (CZ):| + [pO L r]n]}
0
’ % { MbV* {f;)FB -1, (a2)+MB S, (Cz):|

303 (3 3

(23)

AB>nw(w— K'K7)) =

V2s,

Grppo- Y a=0,41 €(D8w€ (D) (Pre — pi-) N {sin@

{ Vb Vs {fB FanLn(az)-FM,];nL,,(Q)}

1
Vi | M, { LL (2c4+ 2C10) msP (2cﬁ+fcg>

1 1
+ fB.F mm (2a3 —2as5— §a7 + ag)

2

cosé
+ W { thuv |:wa3 -1, (a2)+

ool

* 1 ! 1
M (Cz)} —Vp V2 {waéLﬁns (2a3 +2as + S+ 5a9>

1 , 1
+Mg", (2c4 + EC“’) -Mr, (zc6 + Ecgﬂ }} .

where the form factor involving 7 is distinguished from
n. by introducing a prime distinction in the upper right
corner of F and M with respect to 7;.

B. Input parameters

The Vi, Vis, Vub, Vus, Via, and V4 terms in the above
equation are derived from the CKM matrix element with-
in the framework of the SM. The CKM matrix, whose
elements are determined through experimental observa-
tions, can be expressed in terms of the Wolfenstein para-
meters A, p, A, and n: VpVii=24, VuVi =Alp—in),

A .
PAWEV.VE (p—ln)(l—7>, Vi Vi = AP -p+in).
The most recent values for the parameters in the CKM
matrix are  4=0.22650+0.00048, A =0.790*917,
p=0.14175015 and 7=0.357+0.011. Here, we define
A2 2 .
_—p(l—?> and ﬁzn(l—j) [28]. The physical

quantities involved in the calculation are presented in the
Table 1.

V. ANALYSIS OF DATA RESULTS

A. Direct CP violation from the mixing of three vector
mesons

Figures 2 and 3 show plots illustrating CP violation in

24

[
the decay processes of B, — K~ K*p, where we investig-
ate the mixing of p—w—¢ particles. Figures 2 and 3 de-
pict the variation in Acp as a function of +/s, which rep-
resents the invariant mass of K*K~. The central paramet-
er values of the CKM matrix elements are used to obtain
these results. The observed CP violation in these decay
processes provides valuable insights into fundamental
physics phenomena, such as vector meson interference.
The maximum CP violation from the decay process
B, —» K*K n in Fig. 2, with a value of —38%, occurs at
an invariant mass of 1.02 GeV, which corresponds to the
mass position of the ¢ meson. Additionally, small peaks
are observed in the invariant mass range p°—w. There-
fore, it can be concluded that the decay process
By — ¢n — K*K~r plays a significant role in this decay
channel.  Furthermore, for the decay process
B, - K*K~K", a sharp variation in CP violationis ob-
served when the invariant masses of K*K~ pairs fall
within the region around 0.75 GeV, reaching a peak value
of —=70%. In this case, these are the effects from the
0" —w mixing mechanism rather than contributions from
the QCD penguin dominant decay B, — ¢k°. Con-
sequently, interference effects are expected to occur with-
in a range 0.7-0.8 GeV. It should be noted that only the
tree graph contributes to the B, — ¢k© decay. However,
the mixed resonance effect between ¢ —w—p leads to a
smaller violation peak shift in the invariant mass position
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Table 1. Remaining parameters [29, 30] (in units of GeV).
mp, = 5.367 my = 0.548 f5=023 fi = 0.156 1T =014
mygo = 0.498 my =0.958 =022 £, =0.209 fw=0.195
mg = 1.019 myo = 0.13498 fr=0.13 JfoT=0~165 I, =0.15
My = 0.782 my = 80.385 =017 fs, =023 T, = 8.49x 1073
my = 0.775 My = 0.13957 fi=0.14 Cr=4/3 Iy =423%x1073
———— JPEELERE ;s in both invariant mass intervals (o° —w and ¢) ultimately
o A \ P leads to the observed effect shown in Fig. 3. In the figure,
) s - . . . . .
Vol Yenen” it is evident that the CP violation peak in B _,
Vi o, ; ) s
— K*K™n(7’) occurs with a magnitude of -74% (—88%)
~ L 1 . .
_ 02 .l ' near the 0.8 GeV range. This observation allows us to un-
< v ' derstand the trend of CP violation in these decay pro-
1 . . ..
04 e cesses, which is advantageous for our research. Addition-
" ally, we can determine the invariant mass value of the
o6k u K* K~ pair during significant CP violation events, provid-
H ing an opportunity for experimental measurement.
0.7 0.8 0.9 1.0 L1 . . )
V3 Gev) B. Numerical results of localized integrated CP
Fig. 2. Plot of Acp as a function of +/scorresponding to the asymmetry

central parameter values of CKM matrix elements. The solid
line (dashed line) corresponds to the decay channel
By — K*K~n(KY)-

0.7 0.8 0.9 1.0 11
Vs (GeV)
Fig. 3.
central parameter values of CKM matrix elements. The solid
line (dashed line) corresponds to the decay channel
By — K*K™n(yp)-

Plot of Acp as a function of +/scorresponding to the

of the ¢ meson.

Although the decay process B, — K*K~p(n) 1s more
intricate, we first consider the decay process B, — V()
involving 7(’). The physical states of # and 1” mesons
are composed of a mixture of flavor eigenstates, namely,
n, and ng. Furthermore, there is no contribution from
penguin graphs in the decay process B, — ¢n,; hence, the
amplitude contribution of the decay By —» K"K n(7’)
within this entire mixture is negligible. As depicted in
Fig. 3, resonant interplay between the large CP violation

The relationship between CP violation and invariant
mass in the decay process, as derived in the preceding
section, provides valuable insights into the dynamics of
CP violation. However, to comprehensively investigate
regional CP violation for future experiments, we perform
a local integration analysis of CP violation within the
studied decay process. Consequently, Table 2 presents the
localized CP violation for the aforementioned decay pro-
cesses.

According to Table 2, the integration range (0.98—
1.06 GeV) corresponds to the threshold of the V — K*K~
decay process. The resonance effect between different
particles can lead to more pronounced CP violation phe-
nomena in various energy intervals. However, consider-
ing the threshold effect for generating K* K~ meson pairs,
we provide the local integral values as shown in Table 2.
To compare the similarities and differences between
three-particle and two-particle resonance effects, we also
present the local integral results of the CP violation un-
der two-particle resonance in Table 2.

In the B, — K*K 70 decay process, the value of CP
violation changes less in the resonance regions above the
threshold values owing to any two-particle or three-
particle mixing. Although the mixed resonance contrib-
utes a peak value of —38% for the B — K*Kn° decay
process in Fig. 2, the local integral values have minimal
variation within a specific range in comparison to the
overall resonance interval. The values of A%, exhibit a
consistent magnitude of approximately 0.124.

The values of A®, are small because of contributions
from ¢ —p—w, ¢—p, and ¢ — w mixing. However, a signi-
ficant CP violation of 0.169 can be observed from the
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Table 2. Peak local (0.98 GeV < +/s < 1.06 GeV) integral of A2, from different resonance ranges for the g, — k+ K~n(K%,5,n) decay
processes.
Decay channel ¢ —p—w mixing ¢ —p mixing ¢ —w mixing £ —w mixing
By —» KK n° -0.124+0.012 —0.126 +0.008 —0.147 £0.004 -0.124+0.010
By —» K*K K° —-0.001 +£0.000 0.0003 +0.0001 0.0008 +0.0002 0.169 +0.004
B> K'K™n 0.021 +0.0001 0.0174 +0.0002 0.010+0.001 —-0.237+0.007
By —» KYK™1if —0.014 +£0.005 —0.012+0.008 —0.007 £0.002 —0.240+0.005

contribution of p—w mixing. This behavior changes in
the decay process B, — K*K~K° because it involves the
QCD penguin dominant decay B, — ¢k© without a tree-
level contribution. In this case, only the decay process in-
volving intermediate states with p—w particles exhibits
noticeable CP violation.

The decay process B, — K*K (') is also a special
decay process, characterized by the presence of meson
mixing between 5 and . The process B; — ¢, is a QCD
penguin dominant decay without a contribution from a
tree diagram, whereas the process B, — ¢, involves con-
tributed tree and penguin diagrams. Thus, 1, and 7, mix-
ing results in the presence of a smaller tree contribution
for 5 (17"). Consequently, the involvement of ¢ as an inter-
mediate state in the decay process leads to a reduction in
the value of AZ,. The CP violation induced by the decay
process involving p—w mixing exhibits distinct charac-
teristics, with a maximum value of —0.237(-0.240) ob-
served for the process B, — K*K—n (B, » K*K™1/)-

Theoretical errors give rise to uncertainties in the res-
ults. In general, the major theoretical uncertainties arise
from power corrections beyond the heavy quark limit, ne-
cessitating the inclusion of 1/m; power corrections. Un-
fortunately, there are numerous possible 1/m;, power sup-
pressed effects that are typically nonperturbative in nature
and therefore not calculable using perturbation theory.
Consequently, this scheme introduces additional sources
of uncertainty. The first error arises from variations in the
CKM parameters, and another is from hadronic paramet-
ers, such as the shape parameters, form factors, decay
constants, and wave function of B, mesons. The third er-
ror corresponds to selecting appropriate hard scales that
characterize the size of next-to-leading order QCD contri-
butions. By employing central values for these paramet-
ers, we initially compute numerical results for CP viola-
tion and subsequently incorporate errors based on the
standard deviation in Table 2. We determine that the im-
pact of mixing parameter errors on local CP violation is
negligible compared to the overall CP asymmetry; there-
fore, this influence value will not be further discussed.

VI. SUMMARY AND CONCLUSION

CP violation in the decay process of the g0 meson is
predicted through an invariant mass analysis of K*K~

meson pairs within the resonance region, resulting from
the mixing of ¢, w, and p mesons. We observe a sharp
change in CP violation within the resonance regions of
these mesons. Local CP violation is quantified by integ-
rating over phase space. For the decay process
B, » K*K~n%, we find a local CP violation value around
—0.12 arising from interference between ¢, w, and p
mesons. In decays such as B — K*K~K, B, - K*K™n»
and B, — K*Kyy, CP violation is observed owing to
contributions from both two-meson and three-meson mix-
ing processes. The local CP violation is large, particu-
larly when involving p - w mixing. Experimental detec-
tion of local CP violation can be achieved by reconstruct-
ing the resonant states of ¢, w, and p mesons within the
resonance regions.

We propose a quasi-two-body approach, namely,
B?—» VP — K*K~P, to elucidate the three-body decay
mechanism of B? — K*K~P. During this process, V acts
as an intermediate state and undergoes resonance with
other particles, ultimately decaying into pairs of K*K~
mesons. The three-body decay process is appropriately
formulated using the quasi-two-body chain decay. We
consider the B — RP3 decay process as a case study for
analyzing quasi-two-body decays, where R represents an
intermediate resonance state that can further decay into
hadrons P;,, and P3; denotes another final hadron. The
process under consideration can be factorized using the
narrow width approximation. The expression for
B— RP; can be written as follows: BB — RP; —
P1P,P3) = B(B— RP3)B(B — PP2), which holds true
due to the branching ratio. The effects of the small widths
of ¢, p, and w in quasi-two-body decay processes into
KK can be safely neglected. Considering the substantial
decay rate of p(770), it is reasonable to perform a correc-
tion. Using the QCD factorization approach, the correc-
tion factor for the decays process B~ — p(770)n~ —
ntn~n~ is at the 7% level. The parameter ng is intro-
duced as a quantitative approximation between
I'(B—RP3)B(B— P1P;) and I'(B— RP3— PPyP3)
[31, 32]. When calculating the CP violation, this con-
stant can be eliminated, thereby exerting no influence on
our ultimate outcome.

Recently, the LHCDb experimental group made signi-
ficant progress in investigating the three-body decay of B
mesons and obtained noteworthy findings [33]. By ana-
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lyzing previous experimental data, they measured direct
CP violation in wvarious decay modes such as
B* - K*K"K*, B*—>na*n K*, B*->na'nrn*, and

B* —» K"K n*. Based on the LHCb experiments, future
investigations will likely primarily focus on exploring the
three-body decays of 3.
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