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The resonance effect for the CP asymmetry associated with the process
w—natn
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Abstract: The direct CP asymmetry in the weak decay process of hadrons is commonly attributed to the weak
phase of the CKM matrix and the indeterminate strong phase. We propose a method to generate a significant phase
difference through the interference between p and w mesons, taking into account the G-parity allowed decay process
of w— ntn~7° and the G-parity-suppressed decay process of p° — 7t~ 7% in B meson decays. This interference
can lead to notable changes in the CP asymmetry within the interference region. Additionally, we calculate the integ-
ral results for different phase space regions of the four-body decay process. We hope that our work provides valu-

able theoretical guidance for future experimental investigations on CP asymmetry in these decays.
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I. INTRODUCTION

The asymmetry of Charge-Parity (CP) has attracted
significant attention since its discovery in 1964 [1]. The
measurement of CP asymmetry plays a pivotal role in
testing the standard model (SM) and probing new phys-
ics. In the SM, CP asymmetry is associated with the weak
complex phase in the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, which describes the mixing of different
generations of quarks. In addition to the weak phase, the
strong phase is also necessary for producing a significant
CP asymmetry. Theoretically, based on the reliability of
perturbative calculations, the decay process of B meson
containing heavy b quark becomes an ideal place to ex-
plore CP asymmetry.

The non-leptonic weak decay of B mesons has been
extensively studied using Perturbative Quantum Chromo-
dynamics (PQCD) [2], Soft Collinear Effective Theory
(SCET) [3] and QCD factorization (QCDF) [4]. The
PQCD method incorporates QCD corrections due to
transverse momentum and introduces the Sudakov factor
to suppress non-perturbative effects. The non-perturbat-
ive contribution is included in the hadron wave function.
The SCET is a framework for computing hadron matrix
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elements through the application of collinear factoriza-
tion. SCET provides a theoretical description of the inter-
action between high-energy quarks and collinear soft
gluons. It has been successfully applied to calculate the
decay of B mesons and the electroweak interaction of the
Higgs boson. However, we can consider taking the b
quark mass to infinity and neglecting higher-order contri-
butions of 1/m;, within the framework of QCDF. Within
the framework of QCDF, the two-body non-leptonic de-
cay amplitude can be expressed as the product of the
form factor from the initial-state meson to the final-state
meson and the amplitude of the light-cone distribution of
the final meson in the heavy-quark limit. Recently,
QCDF has been extended to the study of three-body de-
cay processes of B mesons [5].

There is a difference between the theoretical predic-
tions and experimental data regarding the CP asymmetry
of the B* —» wK* decay. Theoretical studies using QCD
factorization [6], perturbative QCD factorization [7], and
Soft Collinear Effective Theory [8] have provided values
of 0.22170137+0140 " 0.32701> and 0.11673182+0011 for CP
asymmetry, respectively. Despite the large uncertainties
associated with these theoretical approaches, they sug-
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gest a significant CP asymmetry within the decay pro-
cess. However, experimental measurements by Belle [9]
and BaBar [10] indicate a numerically small CP asym-
metry consistent with zero, the latest world average be-
ing Acp =—0.02+£0.04 [11]. At present, these theoretical
approaches have not provided a satisfactory solution to
this discrepancy.

The investigation of CP asymmetry in multibody final
state decay processes involving the @ meson offers valu-
able insights. Experimentally distinguishing between p
and » mesons is an extremely challenging task.

We consider the interference between p and w mesons
in B meson decays, taking into account the G-parity al-
lowed decay process of w — n*7~ 7" and the G-parity sup-
pressed decay process of p° — 7" 7~ 2%, In our analysis, we
will employ the QCDF method and include the effect of
p-o interference. This interference can lead to a new
strong phase difference between w — n*7 7 and
p° = mtn~a° in B meson decays, which has implications
for CP asymmetry in certain regions of phase space. The
study of vector meson resonances provides valuable in-
sights into particle properties and meson interactions
[12].

In this work, we calculate the CP asymmetry for the
decay process of B’ — wn®(K°) — n*n 2°2%K"), B’ —
wn(7) =t n'n(y) and B~ — wr™ (K7) = ntnn’x (K)
by considering the effect of the G-parity suppressed de-
cay process p° — n*a 7 from QCDF. The layout of this
paper is organized as follows. In Sec. II, we calculate the
CP asymmetry in the four-body decay process. Part A in-
troduces the resonance mechanism, Part B presents the
computational details of the CP asymmetry, and Part C
discusses the input parameters. Subsequently, in Sec. III,
we present the form of the CP asymmetry for four-body
decay processes, which consists of two parts: Part A out-
lines the formalism of CP asymmetry, while Part B
provides the integral form of CP asymmetry. In Sec. 1V,
we analyze the results of the variation curve of CP asym-
metry and calculate value of localised CP asymmetry un-
der different phase space regions. Summary and conclu-
sion are presented in Sec. V.

II. CALCULATION OF CP ASYMMETRY

A. The introduction of resonance mechanism

According to the vector meson dominance model
(VMD), e*e” can annihilate into a photon y, which is
dressed by coupling vector mesons p°(770) and w(782).
These vector mesons can then decay into n*zx~ pair [13].
The p—w interference is due to the difference in quark
mass and electromagnetic interaction effects. The p°(770)
and w(782) can also be connected through a photon
propagator, leading to their mixing. VMD successfully
describes the interaction between photons and hadron, al-

lowing for the treatment of meson mixing. If the basis
vector of isospin is denoted as |/,13), then the representa-
tion of isospin eigenstates can be represented as follows
[14]:

lon) =110y, lw;) =10,0). (D

For meson states, we define the physical states |a), where
a=p,w. The physical |a) and isospin states |a;) form a
complete and orthogonal basis [15]:

1=>"layal =" lap){al. 2)

and
6 ={alb) =aylby). 3)

Thus, the two sets of basis vectors can be related to
one another through the following transformations:

@)= b bilay,  lay =Y Ib)blan. 4
by b
Since the mixing of @ and p is relatively small, the
conversion of these two groups of basis vectors can be
expressed in the following form:

o) =ler) —€lwp,  |w) =lw)+€lon, )

where € represents a small quantity. The matrix form can
be expressed as:

P {oilp) (wilp) Pr
w {prlw) (wrlw) wy
1 —F,,(5)
= , (6)
Fou(s) 1

where F,,(s) is of order O(1), with (1< 1) [15]. The
physical meson states can then be expressed as:

PO = p([) - pr(s)wla w = pr(S)P? +wy. (7)

In view of the representations from physics and
isospin, we make propagator definitions as Dy,y, =
(OITViV,|0) and D}, ,, = (OITV{V}|0), respectively. V; and
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V, of Dy,y, refer to the meson of p° and w. In fact, Dy,y,
is equal to zero, because there is no two vector meson
mixing under the physical representation. Besides, ac-
cording to the expression for the physical state of the two
vector meson mixing, the parameters of F,, is order of
O(2) (1< 1). Multiplication of any two or three terms in
the equation is of higher order and can be ignored. In our
study, we define new mixing parameter, which is related
to the decay widths and masses of the mesons, as given
by the following formula [16]:

Iy, = Fpu(s— mf) +im,I,) = Fou(s— mi +im,Iy), ®)

where I'y and my denote the decay widths and the mass
of vector meson V (V =p,w), respectively. The inverse
propagator sy of vector meson is associated with the in-
variant mass +/s, which can expressed as sy = s—mi+
imyI'y. We consider the values which come from PDG of
I,=868+0.13MeV and I,=149.1+£0.8MeV in our
work [17, 18]. Besides, the mixing parameter of p—w is
extracted from the e*e” — n*n~ experimental data [19,
20]. For a better understanding of p — w, we define:

i (s—m? +im, L ),

pw

©

C(s—m2+im ) = (s—m2 +im,T,)’

The mixing parameters of II,.(s) is the momentum
dependence for p — w interference [21]. So we can define

~ S
Iy,y, = ol from the above equations [19]. These

S v, — S Vs
parameters are functions of the momentum and have been

measured by Wolfe and Maltman [20, 21]. The mixing
parameters can also be expressed in terms of their real
and imaginary parts:

I, (s) = RelL,,(m2) + ImIL,,(m2). (10)

The real and imaginary parts of the p—w mixing
parameter Il at s=m;, can be written as: Rell,,(m?) =
—4760 + 440 MeV?2, ImIl,,(m2) = 6180 +3300 MeV~.

B. The computational details of CP asymmetry

In order to explain the resonance effect, we use the
B — w(p)Py — n*n 7P, decay channel as an example to
study CP asymmetry, where P, refers to the fourth final
particle. The decay of B meson into 7*n~n°P, is depicted
in diagram (a) of Fig. 1, where the intermediate state p
meson directly produces the final state n*n~7°. Mean-
while, the middle diagram (b) of Fig. 1 illustrates the de-
cay of B meson into n*7~n°P,, where the production of
ntna® is directly mediated by the w meson. The exist-
ence of the n*7 7" pair can also be attributed to the res-

onance effect originating from intermediate states in-
volving p and w mesons. However, due to G-parity viola-
tion in the decay process of p — "7 %, the contribution
of w—p—ntrn’ is suppressed. Therefore, the decay
process of p —» w— n*x " plays a crucial role in the
mixing mechanism. Consequently, we investigate the
processes involving the mixing of p and @ decays into
n*n~n°, as depicted in diagram (c) of Fig. 1.

In QCDF approach, the non-perturbative contribution
can be characterized by the universal distribution amp-
litude and form factor of mesons. The value of the form
factor can be determined through semi-leptonic decay ex-
periments of B mesons or by employing the QCDF meth-
od. Moreover, information regarding the light cone distri-
bution amplitude of mesons can also be extracted from
other hard scattering partial decay processes. While na-
ive factorization yields leading-order decay amplitudes,
radiation corrections to all orders, including chiral en-
hancement factors, can be calculated in the heavy quark
limit by neglecting power corrections of 1/m;,. We em-
ploy a quasi-two-body decay process to calculate the CP
asymmetry. In the two-body decay of the B-meson, the
form factor governing the transition from the initial had-
ron to the final hadron is dominated by non-perturbative
effects [22]. We can calculate the perturbative contribu-
tion associated with the hard gluon from the QCD correc-
tion.

In the four-body decay process, we apply the narrow
width approximation (NWA) to calculate the decay amp-
litude [23]. Hence, the relationship can be written as:

[(B— VP, » ntn n’Py) =T(B — VP)B(V — n*n n°),
(11)

where V refers to the intermediate resonant vector meson.
I' and B are the decay width and branching fraction of the
decay process, respectively. The decay amplitude of B —
VP, — n*n n°P, can be expressed as:

M(B - VP, —» ntn n°P,)
= M(B - VP)RgwC(V - n*n n°), (12)

where Rgw is the Breit-Wigner propagator. M represents
the the decay amplitudes, C refer to the w(p) — n*a n°
decay amplitudes associated with matrix elements. The
four-body decay process can be described as a quasi-two-
body decay, which can be evaluated using QCDF ap-
proach. In the following analysis, we will focus on the
w(p) — n*r 7 decay process. For simplicity, we replace
w(p) = n*ra® with V — 1,2,3. The double-differential
decay rate are expressed as [24, 25]:
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(0)

Fig. 1. The decay diagrams for the channel of B — w(p)r® — 2+ 7~ 7P;4.

dzrVﬁIB 1 P 2
= Cyv_isl, 13
dm%zm%S (271')3 32M€/| \% 123| ( )

where Cy_,o; is the decay amplitude associated with the
matrix elements. P is the phase space factor P=
1

—gf,lmﬁp” PP emasP” P PS5 . The relation between mass (m)

and momentum (p) is is given by: m =(pi+p;)’,
M?* = p?, where p denotes the momentum of the vector
meson and M represents the mass of the vector meson.
We make an equivalent substitution for momentum and
mass: g =my;, q3=my,, q5=miy=p° —mj—my+pi+
P53+ p3, p=pi+pa+ps. Additionally, my, refer to the in-
variant mass of n*z~, m;; pertains to the invariant mass
of n*n°% and my; signifies the invariant mass of 7~#°. The
amplitudes of the process w(p) — n*n~#° are determined
by the matrix element:

AlvhphA
Corrrrst = i [SH@G: 1)

+ S (BN +m)+ S (BN +m)]

2Myhpm2b
- {Q*”"(Sp(cﬁ)+S,,<q§>+sp<q§>>} :
fimg,
(14)
Coomnnt = Ao, [Sulagh)qt+md)

+8,(3)G3 +m2)+ 8 ()G +m)]

2Myhpm?b
- [W‘(Sww%nsw(q%)ww(q%»} :

(15)

The value of hp is determined precisely through fit-
ting the electromagnetic pion form factor, while the para-
meter f represents the pion-decay constant in the chiral
limit which is on the order of GeV. The parameters /i,
and b, are determined by the radiation decay of vector
mesons. By applying the Lagrangian equation, we con-
strain the combination of myhph,/f> for vector meson de-

cay into two pseudoscalar states. The values of the hp
parameters, fitted from experimental decay widths, are
consistent within a range of £10%. Furthermore, consid-
ering radiation decay in vector mesons, we determine the
specific values of the following parameters [17]:
h,=0.304, hy = 2.1, f =0.09 and b, =0.27.

Additionally, before performing integral operations,
we provide a first-order calculation for hadronic three-
body decay of vector mesons and estimate uncertainties
based on w — n*n~ 7 decay analysis. In our two-body de-
cay analysis, we determine the specific values of the
above parameters of decay processes that have been
proven to be associated with SU(3) flavor symmetry. The
measurements of particle combinations are present in
hadron two-body decay. To obtain a conservative error
estimate, we use the largest error +£10% and assign it to
the matrix element from the corresponding process to re-
duce the effect introduced by the error. Therefore, we use
the energy-dependent meson width combined with the
meson mass and momentum to define the propagators
S,(¢*) and S,(¢*) inEq. (16). The expressions of mo-
menta dependent propagators S,(¢*) and S,(g*) are ob-
tained:

1
S.(q") = ,
M R i T )
1
So(q) = ,
O o i)
3
F%nZ /2_4 2
rp(q2): /)2/J q mﬂ ,
q 1/mfz,—4m,2r
02 a2 |’
T (g% =~ | VI 20 | (16)
q /m2 —4m?2

where the energy-dependent width of mesons is denoted
by T,(¢*) or T,(¢g*). T) and TIY, represent the on-shell
width of p and @ mesons, respectively. Therefore, the de-
cay amplitude of B — VP, — n*n 7P, due to the quasi-
two-body decays and QCDF can be expressed as
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- (CFIOpun— ! =
M (B’ - w(w - r*tn n°)n’) = ZFio {VubV {fmwf(/l)'Pnang “ay

- Se, ud \/E

5 ) Do ol )+ by )|
L Bow 1 1 3 3
+VVy, {\/zmwe(/l)-p,,f,,Ao (a4 - Ealo +ag0; — §a301 + §a7 - 5(19)
+im e) - pfoFE"(a —la +2a;+2a +1a +1a) fafrf
B rJwl'| 4= 510 3 s+ a1+ 5 2\/—an
(=b3(w, )+ b3(m,w) + %bgw(n, w)+ %bg‘”((u,ﬂ) + %bf{”(a),ﬁ) + Ebj‘“(ﬂ, w))} } , (17)

= G C)*ﬂ(*lf’ﬂ * —.
M (BO - p(p— 7T+7T_7T0)7T0) = Zplio {VubV { mye(A) -p,,prf Ta,

1
- Sp ud \/z

1 - 1

—@mpf(/l) DafiAg Par+ Tﬁfzzfnﬁy(bl(ﬂ’”) +b1(7T,P))}
1 ., 1 1 3 3

+V Vi {_\/zmpe(ﬂ) 'Pnang g <a4 - ialo +as0, — EQSOI + 5617 - 5619)
—im ) p.f., FE"(a —la —éa —Ea T frfo(b3(0, ) + b3(m,p)

\/Ep PrJpl'| 42102729 2\/—37”;3 37T, 0

1 1
—Ebgw(n,p) + Ebg‘”(p,n) +2b4(p, ) + 2by(m,p) + Ebiw(p,n) + Ebj‘”(n,p))} } , (18)

M (B - w(w - 7 7")K") = ZGFCQHH Vi Vimo€Q) - prfuF P ay

a

1 1
=V V} {mwe(/l) 'pKfKAoB_W <a4 - Ealo +ag0, — 5‘1802)

1 1 1 1 ..
+m,,e(1) -pwaFf_)K(Zcu +2as+ ~a; + an) + Efowa(bs(K,w) - Ebé (K, a)))} } ,

2
(19)
=0 + -0 I—<() _ GFC/)—>7r+7r‘7r0 * X B—K
M (B° - pp - n*n 1)K’ = Zis { Vi Vimu€) - pi f,FE 7% ay
2 P
* B—p 1 1
=V Vi |m,e() - px fxAy | aa— Fd0+ as0y — 50802
Bk, 3 3 1 L ..
+m,€e(A) - pr foF| (507 + 5619) - EfoKfp(b3(K»p) - 5b3 (K,p)| (20)

D 4 G Cu)—nr*’rr‘ir —
M (B’ - w(w — rtn n’)m") = E i Ut {VubV " {mwe(/l) Py JoF) FE ‘4
s

2 w

—w 1 U ! ’
+mu€() pyo finAd " + 3 fu o fulbr(@,n )+ bin”, w))}

1 1 1
th d {mwe(/l) p,]( )fw B_"]( : (614 - Ealo + 2613 + 2615 + 5617 + Eag)
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1 11 1 K
+me(d)- Py )frl(/ AB_M(CM - Ealo +2a3 —2as + 2619 - 5617 +a¢03 — —ag0z —ag03 T]( :

O

1 ) L " 1 L 1 ,() 1 , ,

+-a303—— + a3 —— — a5 — ! ")+ = fafin fu(b3(w,n) + b3 (", w),
2 O 70 A0 “2f f “2¢ f 27"

1 ew (1 (! 1 ew ’ ! ’ 1 ew ’ 1 ew . (
—5b5 (n(),w)+5b3 (@,7") +2b4(w.7) +2b4 (", w) + Sk (w,n“)+§b4 (n(),w))”, 1)

= ’ G C)—>7I+7T_7r0 ()
M(BO S plp - 7t 20 )) = ZFfsi {Vubvd {m/,e(/l) py o FE7 g,
2 P

. 1 " y ) y o)
)y AL+ S fufe 1o, ”) 4 by %p))} ViV [mae) py fyFE

1 3 3 ) 1 1 1
<a4—§a10— 2a 2a9> +my€e() - pyor n(/ B P(as — 2a10+2a3—2a5+§a9+fa7+a603

1 f” 1 I fs o1 " 1 f()
——a30;3 - ag0 +-a305—— +a L T — —a;—
503505 52 ag0; f“ BT Lt 1 f fon()f;?

,,(' o) o)

, , 1 , , 3 , ,
(_b3(p7 T’( )) +b3(77( )ap) + Ebgw(n( )’p) + Ebgw(P, n( )) + Ebéelw(p7 T’( )) + Ebzw(n( )7p)):| } > (22)

M (B - ww-r'na)n) = ZM {VisVig [mo€) - prfuF " ar

1 Sw

1
+m,€() prfrAGar + Efoirfw(b2(7r, w)+ bz(w,ﬂ))}

- Vlh V;:i

1
m,€(A) 'Pnang_W (as +ay +ac04 +ag04) + my,e(d) 'Pnwafg_m(azl - 5010

1 1 1
+2a3 +2as + Jart Eag) + Efonfw(b3(7T, w) + b3(w,7) + b5° (m,w) + b?,“’(w,ﬂ))} } ,
(23)

M (B_ - p(p — 7r+7r_7r0)7r_) = Z@ {VuhV ” [mpe(/l) pnprB_)”

1 P
1
+m,€(A) - pafrAy Car+ S fxfo(ba(m.p) = bz(p,ﬂ))} = VisViy [mpe()

L . 1 3
'Pnang p(a4+a10+0604+0804)—mp€(/1)']?nprf (as— zaip— za

2 2
3 1
—5a9) + 5 fafufy(bs(m.p) = b(p.m) + b5" (. p) = b5”(p ﬂ))} } ; 24

M (B - ww-rna)K") = ZM {VisVis [mue) - pifuF7 % ay
2 w

+my€(d) - pr frAY " Ca) + fowabz(K w)} Vi Vy, [mue() - pifxAy " (as+ay +asOs

1 1 1
+agOs) +m,e(A) 'pwaFf_)K(Za_g +2as+ §a7 + Eag) + Efowa(b_g(K,w) -b(K, a)))} } , (25)
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M (B' —plp— 7r+7r_7r0)K") = ZiGFC’H”W_KO {VubV

us
Pl Sp

+m,€e(d) - pi fAg " ar + foKfpbzm p)

[ pE(/l) 'PKJ%FF_’Kaz

- ViV, {mpf(/l) PKfKAgﬂ (as +ay

+61605 + 61305) + mpe(/l) . pKpr?_)K(E‘h + Eag) + EfoKfl‘,(b3(K,p) + b;w(K,p))} } .

where V,, V., and V, V. are CKM matrix elements.
The decay constants f,;fgf), Sfxw» f and f,,) correspond to
the non-perturbative contributions, while the coefficients
ayp.., are associated with the Wilson coefficients C;
[26]. The form factors for processes such as B— p and
B — w, denoted by AJ " and Af~, as well as those for
processes like B — m represented by F5~7, arise from
non-perturbative effects. Additionally, annihilation con-
tributions given by b3, b5 and b5 have been considered
[27].

Here e denotes the polarization vector of the meson and
p. represents momentum of the z. Furthermore, we
define a mass parameter (m) which characterizes the
quark mass related to the meson component in O; [28,
29]:

2
—2m,

0, = s
YT my + mg)(mg +my)

2
—2m%,

(my +mg)(mg +my)’

—2m?
7"

(mb + md)ms/

-2m2,

(mb + ms)(mu + md) ’

-2m%.

Os = 27)

(mh + mu)(mu + ms) .

C. Input parameters

We employ phenomenological parameters to express
the endpoint integrals of these logarithmic divergences
arising from the hard scattering process involving the
spectator quark. Additionally, we incorporate the twist-3
distribution amplitude of the final pseudo-scalar meson in
order to investigate the annihilation amplitude [29]. In the

Table 1.

(26)

I
annihilation decay process, b is the annihilation coeffi-
cient where b, ,, b3, and b5 correspond to the effective
weak operators, Q;,, QCD penguin operators Qs ¢ and
the weak electric penguin operator Q,_j,, respectively [4]
We mtroduce the parameters Xy and X,, where XH is
defined as [, (1-y)"'dy and X, is defined as fo x~'dx; to
account for the annihilation contribution. Subsequently,
we incorporate the asymptotic form of the meson distri-
bution amplitude into our solution, which cannot be dis-
regarded [30]. The values of some parameters in the amp-
litude are provided as follow in Table 1.

III. CP ASYMMETRY

A. The formalism of CP asymmetry

The total amplitude used in the calculation is denoted
by M, where M represents the sum of the tree-level con-
tribution ({z*7~7°P4|H"|B)) and the penguin-level contri-
bution ({(z*7"7°P4/H"|B)). The phase angle, which af-
fects the CP asymmetry in the decay process, is determ-
ined by the ratio of the penguin diagram contribution to
that of the tree diagram. The expression can be written as
follows [5]:

M = (m* 7 ' Py|H"|B)[1 + re’®*?], (28)

where the parameter » represents the ratio between the
amplitude contributions of the penguin diagram and the
tree diagram. The strong phase J is generated through res-
onance effects and hadron matrix elements in this four-
body decay process, while the weak phase ¢ is associated
with the CKM matrix. These phases can significantly im-
pact the CP asymmetry.

Furthermore, considering the interference between p
and w, we can present the detailed formalisms of the tree
and penguin amplitude by combining the decay diagrams
shown in Fig. 1.

Input parameter value.

£ =0.195£0.005
f5=0.18+0.04

£, =0.216+£0.003
f:,) =(1.07 £0.02)f;

FP=K 20312002 F517 2013220003

fr=0.131+0.009
Y, =(1.34£0.06) f»

fx =0.155+£0.002

FB=7=0.28+0.05

AH’ =0.281+0.04

0.37+0.06 AB—e
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<7T+7T_7T0P4|HT|B> =

<7r+7r_7r0P4|HP|B> =

where 7,(p,) and ¢,(p,,) are the ratios of the contributions
from B — p°P, and B — wP, decay processes, respect-
ively. s is the invariant mass squared of mesons #*n 7’
[25]. Besides, Cy_ripn and C,_+p-0 are calculated in
Eq. (14) and Eq. (15), respectively. We can now proceed
to obtain the following relations:

(n* P4 |H?|B)

TR
(m*a~nOP4|HT|B)’

re ¢’ =

rel =

1@ (Coysprnn0 (s = M2 +impT ) + Cpyp 0 (3% (s —mZ, +im,Ty,) +11,,))

Cp—nr*fr‘;r()tp Cqu*n’nonpwtp Cm—m*n’nn ty (29)
s—m2+im,L, ~ (s—m2+im,T,)(s —m? +im,[,) = s—m?2 +im,I,’
Cp—m*n’ﬂo pp Cu)—wr*;r’rro prpp Ca)—nr*;r’lro Pw (30)
s=m2+im,L, ~ (s—m2+im,U)(s —m? +im,L,) = s—m2 +im,[,,’
re@e = Po
1,
el = Lo
0
ryeits = P2 31)
Pw

where §,, 6, and §; are strong phases. Substituting these

into Eq. (29) and Eq. (30), and simplifying, we obtain:

C

The phase ¢ is determined by the ratio of V,,V,(V,,V5,)
to Vi, Vi (ViV}, in the CKM matrix. Hence, we can de-

rive 751171¢ = m(smlﬁ = —ﬁ) and cosg =
ﬁ(cosqﬁ = —ﬁ) using Wolfenstein paramet-
ers [19]. Subsequently, we define the CP asymmetry as
_ e[’

T M uf

follows: A¢p

B. The integral form of CP asymmetry

We consider the resonance effect that generates a new
strong phase and influences the CP asymmetry. However,
to obtain a more accurate result, we need to integrate the
Acp over the phase space. Since @ meson is usually re-
constructed through the decay channel w — n*n7°, the
localised CP asymmetry AZ, of B— n*n 7P, with in-
variant mass near the @ resonance can be expressed as
[11,31]:

(Moraw)?
/ {/ (IM_|2—|M+|2) dm?, dmgg} dmi,,

(Mw-rw)

(Mwsrw) ’
/ . { / (IMP+ M) dm?, dm§3} dm?,,
w-Aw (33)

Q

CP —

The equation involves the decay amplitude of
B — n*n n°P,, where M* represents it. The squared in-
variant masses of the systems m?2. ., m>_, and m?, _ , are

T

om0 (8 = M2 +1m, L) + 1289 (C oyt gm0 (5 — mg +impL,) + Cpsprn-n011,0)

(32)

denoted by mi,, m3; and m?,;, respectively. Besides, in-
tegral limit set in the (mu.a,)?* and (m,_a,)? in the vicin-
ity of w mass. Here the range of m,,.a, and m,_,, values
varies within a small range near w mass. The mass of the
w meson is denoted as m,. The value of Aw is chosen
such that the line shape of w is included in the integral in-
terval. When reconstructing the @ meson experimentally,
the cut Aw is selected to optimize the signal-to-back-
ground ratio by considering the convolution for the width
of the @ meson and the momentum resolution of the de-
tector. Typically, Aw is comparable to the decay width
I, of the @ meson, which has been confirmed in previ-
ous studies from the ALICE collaboration [23, 32] and
we also selected a threshold interval similar to the test in
the following calculation.

IV. NUMERICAL RESULTS

A. The plots of CP asymmetry

We thoroughly consider the previous experimental
findings and perform calculations on the resonance effect
of vector meson mixing. Consequently, the results are
presented in Fig. 2—Fig. 10, which illustrate the interrela-
tion between CP asymmetry (denoted by r and the strong
phase o) and the energy +/s. Based on the Particle Data
Group (PDQG) data, the masses of p and w are approxim-
ately estimated to be 0.770 GeV and 0.782 GeV, respect-
ively [17]. To visualize the resonance effect around mass

023101-8



The resonance effect for the CP asymmetry associated with the process w — n*n~n° Chin. Phys. C 49, 023101 (2025)

, we choose the region 0.70—0.90 GeV under our theor-
etical framework. The plots in Figs. 2—10 correspond to
this region, which is the main resonance region for the
decay process w(p) —» ntn~a’. The invariant mass of
ntn~a° is displayed in the vicinity of the w meson's mass.
By selecting this range, we can effectively observe the
overall CP asymmetry [33]. From the plots, we see that
the CP asymmetry changes drastically for the
B —» ntn n°2°(K°,n,n) and B~ — n*n a7 (K™) decay
modes due to the p —» a*nn° and w — n*n n° reson-
ances in Fig. 2, Fig. 3 and Fig. 4 where o dominates.

For the B’ — n*n 77 decay mode, significant CP
asymmetries ranging from -78.5% to 18.2% are ob-
served in the resonance regions of p and w, as shown in
Fig. 2. In the case of B’ — n*n n°K° decay, large CP
asymmetries ranging from 84.2% to —21.9% are found in
the same resonance regions of p and w, as depicted in
Fig. 2. So it is noteworthy that there is a large change in
CP asymmetry between the two decay modes: B° —

Acp

Vs (GeV)
Fig. 2. Plot of Acp as a function of +/s, the solid line is the
decay channel of B® — 7*7~7%2°, the dash line is the decay
channel of B° - n*7 7°K°.

0.70 0.75 0.80 0.85 0.90
Vs (GeV)
Fig. 3. Plot of Acp as a function of +/s, the solid line is the
decay channel of B° — n*77 2%, the dash line is the decay
channel of B® - n*n~n7 .

atnn°K° and B® — nt w70,

We also observe CP asymmetries in the decay chan-
nel B° — a*n 7%y ranging from —98.3% to 86.0% within
the resonance range of p and w, as shown in Fig. 3. In the
case of B —» n*nn’y, we find significant CP asymmet-
ries ranging from —73.1% to 98.9% within the same res-
onance region depicted in Fig. 3. The CP asymmetries in
the decay channel B° — n*n 7%y’ exhibit a pronounced
variation similar to that observed in the decay process of
B° — n*n~n%n, specifically within the mass resonances of
w(p).

On the other hand, we obtain CP asymmetries ran-
ging from -21.8% to 2.26% in the p and @ resonance
range for the decay channel B~ — n*n 7%z~ as shown in
Fig. 4. The CP asymmetries range from —64.5% to 1.30%
in the decay channel of B~ — n*7~#°K~ which also has a
large change in the CP asymmetry in the resonance of p
and @ mass. We can see that the resonance effect is
mainly around the p and w mass range for all the decay

A
-0.2 \
1
1!
[ 1
< 03 1"
1
ul
—04 i
II
~05 ::
1
=061 ;
0.70 0.75 0.80 0.85 0.90
Vs (GeV)
Fig. 4. Plot of Acp as a function of +/s, the solid line is the

decay channel of B~ — n*n 2%, the dash line is the decay
channel of B~ — n*n 2K~

6F I|

&)

070 075 080 085 090
Vs (GeV)
Fig. 5. Plot of r as a function of +/s, the solid line is the de-
cay channel of B® — 7" 72~ 7%2%, the dash line is the decay chan-
nel of B - xta 7%K0.
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channels.

The ratio r of the penguin-level contribution and tree-
level contribution influences the CP asymmetry. The rela-
tionship between r and +/s using the central parameter
values of the CKM matrix elements in Fig. 5, Fig. 6 and
Fig. 7. The variation range of » in the w and p resonance
ranges is not significant for the decay mode of
B — n*n n%2%n~). We also notice that » varies signific-
antly at the ®w mass region from the decay modes of
B - n°K(n,n ,K").

In the calculation of CP asymmetry, the strong phase
o is taken into account, and its definition is given in Eq.
(32). The variation of the strong phase also affects CP
asymmetry. We present the plots of sind versus +/s based
on the central values of the CKM matrix elements, as de-
picted in Figs. 8, 9, and 10. These figures illustrate the
dependence of CP asymmetry on the strong phase. In Fig.
8, we can clearly observe the variation of sind in the p
and o resonance regions for the B’ —x*n 7°2%(K°) de-

().‘7() 0 7 ().é«) o.és 0 Z)()
Vs (GeV)
Fig. 6. Plot of r as a function of +/s, the solid line is the de-
cay channel of B® — n*72~n%, the dash line is the decay chan-
nel of BY - ntx 2% .

08Ffcc = === -

N

0.6

04r

0.0

0.70 0.75 050 085 090

Vs (GeV)
Fig. 7. Plot of r as a function of +/s, the solid line is the de-
cay channel of B~ — n*n 2%, the dash line is the decay
channel of B~ — n*n~7°K~.

cay mode. Similarly, in Fig. 9 and Fig. 10, we observe
sind significant changes in the p and w resonance regions
for the decay modes of B’ —»a*n n’n() and B~ —
7t n (K).

The CP asymmetries are influenced by the non-zero
complex phase ¢ in the CKM matrix, strong phase ¢ and
the absolute value r of the ratio of the penguin and tree
amplitudes. In the framework of QCDF method, we cal-
culate the decay amplitudes from Eq. (17) to Eq. (26) due
to quasi-two-body decay process. It can be seen that the
decay amplitudes depend on the CKM matrix elements,
decay constants, form factors, and Wilson coefficients for
different final state particles. The strong phase ¢ and the
absolute value 7 of the ratio of the penguin and tree amp-
litudes can be calculated from the method of QCDF
which is different for different final state particle. Hence,
the CP asymmetries differ across various decay channels,
as seen in Figs. 2, 3, and 4.

sind

-05r

070 075 030 085 090
Vs (GeV)
Fig. 8. Plot of sins as a function of +/s, the solid line is the
decay channel of B° — 2*7 7%, the dash line is the decay
channel of B® — n*72~7°K°.

0.0

sind

-1.0

0.70 0.75 0.80 0.85 0.90
Vs (GeV)

Fig. 9. Plot of sins as a function of +/s, the solid line is the
decay channel of B® — n*7 7%, the dash line is the decay
channel of B® - r*n~ 7% .
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sind

=021 V1

—04f f

070 075 080 085 090
Vs (GeV)
Fig. 10. Plot of sins as a function of +/s, the solid line is the
decay channel of B~ — n*n 2%, the dash line is the decay
channel of B~ — n*n 2K ~.

B. Value of localised CP asymmetry

The measurement of CP asymmetry in B meson de-
cays has significantly advanced in recent years due to the
extensive accumulation of experimental data [34]. The in-
variant differential cross section of inclusive w(782)
meson production at midrapidity (|y|<0.5)in pp colli-
sions at /s =7 TeV was measured utilizing the ALICE
detector at the Large Hadron Collider across a transverse
momentum range of 2 < pr <17 GeV/c. The @ meson
was reconstructed through its decay to n*n 7", where the
n° subsequently decays into two photons. This approach
required the reconstruction of charged tracks within the
ALICE central tracking system, which consists of the in-
ner tracking system (ITS) and the time projection cham-
ber (TPC). Additionally, photons were reconstructed us-
ing the electromagnetic calorimeter (EMCal) and the
photon spectrometer (PHOS), with the photon conver-
sion method (PCM) used to reconstruct photons from
electron—positron track pairs. For further details on the
ALICE detector system and its performance, the reader is
referred to Refs.[35—38].

Combined with the experimental observation interval,
we select the energy range of CP asymmetry producing
peak value in the plot, and integrate the CP asymmetry
results in this region. In our work, we are the first to cal-

Table 2. The comparison of A2, from w—p mixing with w — 7*7~7°.

culate the CP asymmetry for the B°— wK°n®) —
rrn’Ko(n%), B’ - wn) - ntra’y@) and B —
wK~(n7) » 7t a°K~(x") decay modes by integrating
over the invariant masses of my.,-,0 in the range of
0.75—-0.82 GeV from the p and w resonance regions since
the mass of p is 0.770 GeV and the mass of w is 0.782
GeV [23].

The formula for the rate of change of the local integ-
ral is defined as (A2, - Ag,)/AD,, where AD, is the CP
asymmetry result without mixing and A£, is the CP
asymmetry result with mixing. The results and rate of
change are summarized in Table 2. We observe that the
resonance effect significantly affects the CP asymmetry
results for the decay processes B — n*n~n’P,. Addition-
ally, the rate of change for the local integral in the range
0.75—-0.82 GeV provides a clear view of the influence of
the resonance effect on CP asymmetry [39]. In Table 2,
one can see that the rates of change are large for the pro-
cesses B’ — w)n’ - 1t a2 and B — w()K™ —
a*tn~a°K~ comparing with direct decay through @ meson.
The mixing results exhibit two sources of uncertainty
within the resonance mechanism in our work. The first
uncertainty arises from the decay width and the Wolfen-
stein parameters, while the second is due to the QCDF
method, which introduces some error in the parameters
themselves.

V. SUMMARY AND CONCLUSION

In this work, we have demonstrated that CP asymmet-
ries exhibit significant variation due to the resonance ef-
fect of V- ntn 7’ (V =p,w) in the B — n*n nn(K,n")
decay modes when the invariant mass of 7"z n° is close
to the p and w resonance regions within the framework of
QCD factorization. The interference of p—w generates
new strong phases that influence the CP asymmetry from
the B — n*n n°n(K,n") decay rates. The resonance ef-
fect plays a critical role on the CP asymmetry under the
mixing of the p and w. We also calculated the localized
CP asymmetry by integrating B — w(p)P; — ntn Py,
over specific phase space regions corresponding to these
resonance effects. This localized CP asymmetry under-
goes a significant change due to the resonances of p and

0

Decay channel Without w — p mixing(0.75-0.82 GeV) w — p mixing(0.75-0.82 GeV) Rate of change
B? - w(p)n® — xtn 2070 0.095+0.005+0.007 -0.004+0.007+0.011 95.78%
B® - w(p)K® - nt 7 7KO —0.140+0.012+0.011 0.107+0.032+0.041 23.57%
B - w(p)y - ntr 2% —0.469+0.007+0.014 ~0.358+£0.009+0.001 23.66%
BY = woy — ntnn% —0.58220.006+0.007 —0.477+0.005+0.016 18.04%
B — w(p)n™ — nta aln” 0.015+0.003+0.004 ~0.012:0.003£0.009 20.01%
B~ — w(p)K~ - nta K- —0.089+0.008:+0.012 —0.010+0.009+0.011 88.76%
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, which arise from the G-parity suppressed decay pro-
cess of p* — 7t 70,

We calculate the CP asymmetry in the decay process
by employing an energy variation interval for w that
closely aligns with experimental observations. Sub-
sequently, we conducted a comparative analysis of our
mixed and non-mixed results to identify any disparities
between the decay processes. Notably, the resonance ef-
fect exerts a significant influence on the CP asymmetry
within the same energy range. In particular, the rates of
change for the CP asymmetry resulting from the mixing

mechanism in these two decay processes, B” — w(p)n® —
atnn%7% and B~ — w(p)K~ — ntn n°K~, can attain val-
ues of 95.78% and 88.76%, respectively, which are lar-
ger than that produced by the others decay processes. We
can reconstruct the p and @ mesons from the final state
mesons of 777 n° to validate the predicted CP asymmet-
ries. We anticipate that these results will contribute to the
ongoing experimental efforts to explore CP violation in B
meson decays, offering insights into the dynamics of
weak decays and resonance phenomena.
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