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To circumvent the severe numerical cancellations in the standard integrated CP asymmetry (ACP) near
the ω mass mω, we propose a modified CP-violating observable Aℜ

CP, which explicitly highlights the
contribution of the real part of the interference term. Subsequently, we employ the three-body hadronic
decay B− → πþπ−π− within the perturbative QCD approach as a primary case study to validate this
theoretical framework. Furthermore, this method naturally eliminates the smooth, sign-preserving
continuum background originating from broad scalar resonances like the f0ð500Þ. This generalized
framework provides clean and robust theoretical guidance for recovering localized CP-violation signals
that might otherwise be masked by coarse experimental binning at future high-luminosity colliders.
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I. INTRODUCTION

CP violation (CPV) plays a crucial role in both testing
the Standard Model of particle physics and in probing
potential new physics. Experimentally, CPV has been
observed in the decay processes of K, D, and B mesons
[1–4]. The LHCb experiment has reported significant CP
violation in localized regions of the decays B� → K�πþπ−

and B� → K�KþK− [5]. Moreover, experimental studies
have identified multiple sources of CP violation in the
decay B− → πþπ−π− [6,7]. Particularly noteworthy is the
recent observation by the LHCb Collaboration of CP
violation in the multibody decay Λ0

b → pK−πþπ−, which
marks the first observation of CP violation in the baryon
sector [8]. These discoveries provide important direction
and scientific basis for in-depth research on the theoretical
mechanism of CP violation.
The theoretical description of CPV in multibody decays

faces significant challenges, mainly due to the combined
influence of the weak phase difference from the CKM
matrix and the strong phase difference between tree
diagrams and penguin diagrams [9]. The contributions
from strong phases involve hadronic matrix elements,
interference effects among intermediate resonances, and
final-state interactions. Whether the decay process involves

mesons or baryons, the complex interference effects result-
ing from multiple intermediate resonances in multibody
decays make the prediction of CPV particularly diffi-
cult [10].
In the decay networks of heavy hadrons—encompassing

B mesons, D mesons, and heavy baryons—multiple inter-
mediate states are routinely produced, generating intricate
interference structures. These intermediate states will
produce complex interference effects in the resonance
region. Based on the vector meson dominance model,
the photon propagator couples to vector mesons [11].
Therefore, ρ0 − ω mixing is proposed and applied to the
study of direct CP violation in hadronic B decays [12]. The
CP-violation mechanism mediated by ρ0 − ω mixing in
hadronic B decays has been investigated in recent years,
with studies revealing a significant CP violation within the
interference region [13–15].
Recently, a mechanism for generating CP violation was

proposed, based on the imaginary part arising from the
interference of two amplitudes [16,17]. The interference
between ρ0 and ωmesons provides an excellent platform to
test this mechanism, due to the nearly degenerate masses of
the ρ0 and ω mesons, thereby enabling more accurate
theoretical predictions and offering valuable guidance for
experimental investigations.
The structure of this paper is organized as follows: In

Sec. II, we present a detailed computational formulation of
the physical mechanism involved in the ρ0 − ω mixing. In
Sec. III, we analyze the contribution of interference
effects arising from this mechanism in the decay process
B− → πþπ−π− within the framework of perturbative QCD
(PQCD). In Sec. IV, we present relevant theoretical
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parameters and numerical results for CP violation. Finally,
a summary and discussion are given in Sec. V.

II. DETAILED COMPUTATIONAL
FORMULATION OF THE PHYSICAL

MECHANISM INVOLVED IN THE ρ0 −ω MIXING

We consider the interference of two intermediate reso-
nant states, namely, the ρ0 and ω mesons, within specific
and localized regions of the phase space. To the first order
in isospin violation [18], when the invariant mass

ffiffiffi
s

p
is

close to the ω resonance mass, unlike the simple two-
particle interference [16], the modulus square of the
interference amplitude via ρ0 − ω mixing can be expressed
as

jMj2 ¼ 1

jsρ0 j2
�
jAj2 þ 2ℜ

�
A�BΠ̃ρω

sω

�
þ jBΠ̃ρωj2

jsωj2
�
; ð1Þ

where A and B represent the amplitudes for the cascade
processes H→ ðρ0→πþπ−ÞX and H→ ðω−ρ0→πþπ−ÞX,
respectively, without incorporating the corresponding
propagators. Here, H and X denote the parent particle
and the accompanying spectator particle, respectively,
which are required to share the same charge sign. The
amplitude A encompasses the decay process of the inter-
mediate ρ0 meson into two π mesons. The direct decay
ω → πþπ− is effectively incorporated into Π̃ρω [19],

resulting in an explicit s dependence of Π̃ρω, where Π̃ρω ¼
sρΠρω

sρ−sω
[20,21]. The term sr (with r ¼ ρ or ω) represents the

reciprocal of the Breit-Wigner propagator, which can be
explicitly written as sr ¼ s −m2

r þ imrΓr. A� is the com-
plex conjugate of A. In this expression,

ffiffiffi
s

p
represents the

invariant mass of the πþπ− system, whereas mr and Γr
correspond to the mass and decay width of the resonance r,
respectively. When performing integration within the inter-
ference region, the condition jsρj ≫ jsωj is satisfied, which
yields the approximation Π̃ρω ≈ Πρω ¼ jΠρωjeiθ. In the
subsequent sections, Π̃ρω is consistently replaced by
Πρω. The overline placed over the squared decay amplitude
indicates that a summation over the spin or helicity states of
both the initial and final particles may be performed. ℜ
represents the value of the real part within the parentheses.
For the convenience of analysis, we represent the

interference term from Eq. (1) as

ℜ

�
A�BΠρω

sω

�
¼ ℑðA�BΠρωÞℑðsωÞ þℜðA�BΠρωÞℜðsωÞ

jsωj2
;

ð2Þ

where ℑ represents the imaginary part within the paren-
theses. It can be seen that the interference term has been
divided into two terms. These two terms are, respectively,

proportional to ℜðsωÞ ¼ s −m2
ω and ℑðsωÞ ¼ mωΓω.

Furthermore, we are concerned with the interference effect,
so the invariant mass

ffiffiffi
s

p
needs to be confined within the

interference region. Since Γρ > Γω, the interference region
should be set as ðmω � ΓωÞ2. The CP violation can be
defined as

ACP ≡
R ðmωþΔþÞ2
ðmω−Δ−Þ2

�
jMj2 − jMj2

�
ds

R ðmωþΔþÞ2
ðmω−Δ−Þ2

�
jMj2 þ jMj2

�
ds

; ð3Þ

where M̄ denotes the decay amplitude of the CP-conjugate
process, andΔ− ¼ Δþ ¼ Γω. At this point, the decay width
of the ρ0 meson encompasses that of the ω meson.
Consequently, Δ− and Δþ are equal. However, in cases
where two interfering particles do not fully overlap, Δ− and
Δþ will no longer be equal.
By combining formulas (1)–(3), the numerator of ACP

can be decomposed into four components, namely, IðΔ−;ΔþÞ
1 ,

IðΔ−;ΔþÞ
2 , IðΔ−;ΔþÞ

3 , and IðΔ−;ΔþÞ
4 . Dividing the numerator into

these four parts is helpful for systematically analyzing the
various factors influencing ACP,

ACP ∝ IðΔ−;ΔþÞ
1 þ IðΔ−;ΔþÞ

2 þ IðΔ−;ΔþÞ
3 þ IðΔ−;ΔþÞ

4 ; ð4Þ

which are explicitly defined as follows:

IðΔ−;ΔþÞ
1 ≡N jAj2

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
ds; ð5Þ

IðΔ−;ΔþÞ
2 ≡N jBj2

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
jΠρωj2
jsωj2

ds; ð6Þ

IðΔ−;ΔþÞ
3 ≡ 2N ℑðA�BeiθÞ

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
mωΓωjΠρωj

jsωj2
ds; ð7Þ

and

IðΔ−;ΔþÞ
4 ≡ 2N ℜðA�BeiθÞ

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
ðs −m2

ωÞjΠρωj
jsωj2

ds; ð8Þ

where N ξ ≡ ξ − ξ̄ with ξ∈ fjAj2; jBj2;ℑðA�BeiθÞ;
ℜðA�BeiθÞg. Ā and B̄ are the corresponding amplitudes
for the CP-conjugate process.
It is evident that IðΔ−;ΔþÞ

4 is a particularly significant
component. When s passes through m2

ω, its sign changes,

leading to the cancellation of the integral values of IðΔ−;ΔþÞ
4

near m2
ω. If the influence of IðΔ−;ΔþÞ

4 within the ACP is
substantial, the theoretically calculated CP-violation value
becomes significantly diminished due to this cancellation
effect. The analysis indicates that the ρ0 − ω mixing leads
to the cancellation of the imaginary part of the cross term.
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To preserve the contribution of the real part of the
interference term, we introduce a sign factor into the
CP-violating observable,

Aℜ
CP ≡

R ðmωþΔþÞ2
ðmω−Δ−Þ2

�jMj2 − jMj2�sgnðs −m2
ωÞdsR ðmωþΔþÞ2

ðmω−Δ−Þ2
�jMj2 þ jMj2�ds ; ð9Þ

where the sign function sgnðxÞ is defined as

sgnðxÞ ¼
	þ1; x > 0

−1; x < 0:
ð10Þ

Therefore, the sign of IðΔ−;ΔþÞ
4 remains unchanged before

and after
ffiffiffi
s

p
passes through the ω mass (mω), thus

preventing potential cancellations during the integration
process.
The interference effect in the B− → πþπ−π− (via ρ0 − ω

mixing) decay channel is primarily responsible for the sign
flip of ACP within this kinematic region, which is attributed

to the contribution of the IðΔ−;ΔþÞ
4 term. Therefore, it is

justifiable to incorporate the sgn sign function when the

value of IðΔ−;ΔþÞ
4 is relatively large. In order to facilitate the

direct comparison of IðΔ−;ΔþÞ
4 with IðΔ−;ΔþÞ

1 , IðΔ−;ΔþÞ
2 , and

IðΔ−;ΔþÞ
3 , we define as follows:

IðΔ−;ΔþÞℜ
4 ≡ 2NℜðA�BeiθÞ

Z ðmωþΔþÞ2

ðmω−Δ−Þ2

×

�
s −m2

ω

�jΠρωjsgn
�
s −m2

ω

�
jsωj2

ds; ð11Þ

and the amplitudes of A and B can be written as

A ¼ jTρjeiðϕTρþδTρÞ þ jPρjeiðϕPρþδPρÞ;

B ¼ jTωjeiðϕTωþδTωÞ þ jPωjeiðϕPωþδPωÞ;

Ā ¼ jTρjeiðδTρ−ϕTρÞ þ jPρjeiðδPρ−ϕPρÞ;

B̄ ¼ jTωjeiðδTω−ϕTωÞ þ jPωjeiðδPω−ϕPωÞ; ð12Þ

where T i represents the contribution from the tree-level
diagram, Pi denotes the contribution from the penguin
diagram, ϕ signifies the weak phase, and δ indicates
the strong phase. For the two decay channels of
B− → ðρ0 → πþπ−Þπ− and B− → ðω − ρ0 → πþπ−Þπ−,
their weak phases are identical, and thus the conditions
ϕTρ ¼ ϕTω and ϕPρ ¼ ϕPω are satisfied. Based on this
information, we can proceed to calculate the values of
N jAj2 , N jBj2 , N ℑðA�BeiθÞ, and N ℜðA�BeiθÞ,

N jAj2 ≡ jTρPρj½−4 sin ðδTρ − δPρÞ sin ðϕTρ − ϕPρÞ�; ð13Þ

N jBj2 ≡ jTωPωj½−4sinðδTω−δPωÞsinðϕTω−ϕPωÞ�; ð14Þ

N ℑðA�BeiθÞ ≡ 2 sin ðϕTρ − ϕPρÞ½−jTρPωj cos ðδTρ − δPω − θÞ þ jPρTωj cos ðδPρ − δTω − θÞ�; ð15Þ

and

N ℜðA�BeiθÞ ≡ 2 sin ðϕTρ − ϕPρÞ½−jTρPωj sin ðδTρ − δPω − θÞ þ jPρTωj sin ðδPρ − δTω − θÞ�: ð16Þ

To isolate the components associated with amplitude contribution and phase, we introduce the following definition:
Z ðmωþΔþÞ2

ðmω−Δ−Þ2
ds ¼ J1;

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
jΠρωj2
jsωj2

ds ¼ J2;

Z ðmωþΔþÞ2

ðmω−Δ−Þ2
mωΓωjΠρωj

jsωj2
ds ¼ J3;

Z ðmωþΔþÞ2

ðmω−Δ−Þ2

�
s −m2

ω

�jΠρωjsgn
�
s −m2

ω

�
jsωj2

ds ¼ J4: ð17Þ

Here, Ji (i ¼ 1, 2, 3, 4) represent the characteristic
parameters governing the ρ0 − ω mixing system decaying
into πþπ−. Different choices of the parent hadrons H and
the accompanying bachelor mesons X only alter the
amplitude magnitudes as well as the strong and weak

phases, thereby leading to different numerical values for
N ξ, while leaving the values of Ji entirely unaffected.
Evidently, the numerical values of Ji depend strictly on the
choice of the integration region; in this work, the integra-
tion window is specified as mω � Γω. Consequently, these
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Ji parameters can be directly evaluated using numerical
computation software. Our numerical calculation yields
J1 ¼ 0.0266, J2 ¼ 0.0179, J3 ¼ 0.0162, and J4 ¼ 0.0118.
When IðΔ−;ΔþÞℜ

4 emerges as the dominant component
among the Ii terms (implying that N ℜðA�BeiθÞ constitutes a
remarkably large value among the N ξ factors), the direct
CP asymmetry ACPð

ffiffiffi
s

p Þ undergoes a sign flip as the
invariant mass

ffiffiffi
s

p
approaches mω. In the standard

phase-space integration process, this alternating behavior
typically leads to severe numerical cancellations. To
circumvent this difficulty, we introduce the sgnðxÞ sign
function to transform the CP-violating observable from the
conventional ACP into the modified Aℜ

CP. This approach
effectively eliminates the potential cancellation effect,
thereby successfully extracting the critical physics infor-
mation embedded within the real part of the interfer-
ence term.
In the decay process of B− → πþπ−π−, we ob-

tained IðΔ−;ΔþÞℜ
4 ¼3.556×10−14, IðΔ−;ΔþÞ

1 ¼3.444×10−16,

IðΔ−;ΔþÞ
2 ¼−6.229×10−15, and IðΔ−;ΔþÞ

3 ¼ 2.517 × 10−14,

which exhibits that the properties of IðΔ−;ΔþÞℜ
4 are larger than

IðΔ−;ΔþÞ
1 , IðΔ−;ΔþÞ

2 , IðΔ−;ΔþÞ
3 and satisfies the conditions for

IðΔ−;ΔþÞ
4 to be the dominant term. Since IðΔ−;ΔþÞ

4 serves as a
constituent component of the numerator of ACP while the
corresponding denominator remains strictly positive, the
overall mathematical characteristics of ACP are dictated by

and approach those of IðΔ−;ΔþÞ
4 when this term dominates. It

can be predicted that when the invariant mass of πþπ− in the
decay process B− → πþπ−π− is around mω, the sign of ACP
will change. Moreover, after introducing the sgnðxÞ sign

factor, the integral value in the interference region is signifi-
cantly higher than the result without this sign factor.

III. THE AMPLITUDE OF THE QUASI-TWO-BODY
DECAY PROCESS IN PERTURBATIVE QCD

For the decay process B− → πþπ−π−, we compute the
decay amplitudes A and B within the PQCD framework
[22–24], where A corresponds to the amplitude of
B− → ðρ0 → πþπ−Þπ−, with the ρ0 meson directly
decaying into πþπ−, and B corresponds to the amplitude
of B− → ðω − ρ0 → πþπ−Þπ−, in which the πþπ− pair
arises from the interference of ω and ρ0 mesons, while
higher-order contributions are neglected. PQCD provides a
theoretical formalism for analyzing strong interaction
effects in the weak decays of B mesons. The core concept
involves factorizing the decay amplitude into three distinct
components: a perturbatively calculable high-energy term
known as the hard function H, a nonperturbative low-
energy contribution determined by the meson wave func-
tion Φ, and the Sudakov factor. The Sudakov factor
enhances the convergence and reliability of the perturbative
expansion by resumming leading logarithmic contribu-
tions, thereby mitigating end point divergences. This
framework becomes especially effective when transverse
momentum effects are incorporated [25–31].
We determine the total amplitude by using the quasi-two-

body decay method. To facilitate the analysis of interfer-
ence effects, this amplitude does not contain the sr
propagator. The amplitudes A and B are specifically
expressed in the PQCD framework as follows [32]:

A ¼
X

λ¼0;�1

GFPB− · ϵ�ðλÞgρ0→πþπ−ϵðλÞ · ðpπþ − pπ−Þ
2

×

	
VubV�

ud



a1
�
ALL

ab ðπ; ρÞ þALL
ef ðπ; ρÞ −ALL

ef ðρ; πÞ
�þ a2ALL

ab ðρ; πÞ þ C2

�
ALL

cd ðπ; ρÞ þALL
gh ðπ; ρÞ −ALL

gh ðρ; πÞ
�

þ C1ALL
cd ðρ; πÞ



− VtbV�

td

	
ða4 þ a10Þ

�
ALL

ab ðπ; ρÞ þALL
ef ðπ; ρÞ −ALL

ef ðρ; πÞ
�

þ ða6 þ a8Þ
�
ASP

ab ðπ; ρÞ þASP
ef ðπ; ρÞ −ASP

ef ðρ; πÞ
�
−
�
a4 −

3

2
a7 −

3

2
a9 −

1

2
a10

�
ALL

ab ðρ; πÞ

þ ðC3 þ C9Þ
�
ALL

cd ðπ; ρÞ þALL
gh ðπ; ρÞ −ALL

gh ðρ; πÞ
�þ ðC5 þ C7Þ

�
ASP

cd ðπ; ρÞ þASP
gh ðπ; ρÞ −ASP

gh ðρ; πÞ
�

−
�
C3 −

3

2
C10 −

1

2
C9

�
ALL

cd ðρ; πÞ þ
3

2
C8ALR

cd ðρ; πÞ −
�
C5 −

1

2
C7

�
ASP

cd ðρ; πÞ
��

; ð18Þ

B ¼
X

λ¼0;�1

GFPB− · ϵ�ðλÞgρ0→πþπ−ϵðλÞ · ðpπþ − pπ−Þ
2

	
VubV�

ud

	
a1
�
ALL

ab ðπ;ωÞ þALL
ef ðπ;ωÞ þALL

ef ðω; πÞ
�þ a2ALL

ab ðω; πÞ

þ C2

�
ALL

cd ðπ;ωÞ þALL
gh ðπ;ωÞ þALL

gh ðω; πÞ
�þ C1ALL

cd ðω; πÞ
�
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− VtbV�
td

	
ða4 þ a10Þ

�
ALL

ab ðπ;ωÞ þALL
ef ðπ;ωÞ þALL

ef ðω; πÞ
�

þ ða6 þ a8Þ
�
ASP

ab ðπ;ωÞ þASP
ef ðπ;ωÞ þASP

ef ðω; πÞ
�þ

�
2a3 þ a4 þ 2a5 þ

1

2
a7 þ

1

2
a9 −

1

2
a10

�
ALL

ab ðω; πÞ

þ ðC3 þ C9Þ
�
ALL

cd ðπ;ωÞ þALL
gh ðπ;ωÞ þALL

gh ðω; πÞ
�þ ðC5 þ C7Þ

�
ASP

cd ðπ;ωÞ þASP
gh ðπ;ωÞ þASP

gh ðω; πÞ
�

þ
�
C3 þ 2C4 −

1

2
C9 þ

1

2
C10

�
ALL

cd ðω; πÞ þ
�
2C6 þ

1

2
C8

�
ALR

cd ðω; πÞ þ
�
C5 −

1

2
C7

�
ASP

cd ðω; πÞ
��

; ð19Þ

where gρ0→πþπ− represents the coupling constant derived
from the decay process of ρ0 → πþπ− [33]. Vub; V�

ud and
Vtb; V�

td are the fundamental elements of the Cabibbo-
Kobayashi-Maskawa (CKM) matrix. A momentum param-
eter Pi (with Pi representing PB− , Pπþ , and Pπ−) is defined,
where ϵ stands for the polarization vector of the vector
meson. The Fermi coupling constant is denoted by GF,
while Ci represents the Wilson coefficient. Furthermore,
the combinations ai are related to theWilson coefficientsCi
[34]. LL, LR, and SP refer to the contributions from
ðV − AÞ ⊗ ðV − AÞ; ðV − AÞ ⊗ ðV þ AÞ, and ðS − PÞ ⊗
ðSþ PÞ operators, respectively [26]. The symbol Aab
refers to the contribution originating from factorizable
emission diagrams, and Acd represents the contribution
stemming from nonfactorizable emission diagrams.
Similarly, Aef (Agh) denotes the contribution of factoriz-
able (nonfactorizable) annihilation diagrams. The param-
eters related to PQCD can be obtained from the literature
[25–32].

IV. NUMERICAL RESULTS AND ANALYSIS
OF CP VIOLATION

The terms VubV�
ud and VtbV�

td appearing in the equation
are derived from the CKMmatrix elements in the context of
the Standard Model. These CKM matrix elements can be
accurately determined through experimental measurements
and are commonly parametrized using the Wolfenstein
parameters A, ρ, λ, and η: VubV�

ud ¼ Aλ3ðρ − iηÞð1 − λ2

2
Þ

and VtbV�
td ¼ Aλ3ð1 − ρþ iηÞ [35]. The mixing parameter

Πρω, which has been precisely determined near the ρ0

meson resonance, was recently reported by Wolfe and
Maltman as ð−4470� 250� 160Þ − ið5800� 2000�
1100Þ MeV2 [36,37]. The masses, decay widths, and other

relevant parameters of the remaining particles are summa-
rized in Table I.
Based on the perturbative QCD amplitude expression

derived in the previous study, together with the ρ0 − ω
mixing mechanism and the corresponding input para-
meters, we present the variation of the asymmetry param-
eters ACP and Aℜ

CP for the decay process B− → πþπ−π−

(via ρ0 − ω mixing) as a function of the invariant mass
ffiffiffi
s

p
.

The results are displayed in Fig. 1.
As shown by the dotted line in Fig. 1, consistent with our

prediction of Sec. II, ACP changes sign aroundffiffiffi
s

p ¼ 0.782 GeV, which can be directly attributed to the

contribution of the IðΔ−;ΔþÞ
4 term. The CP-violation central

value in the decay channel B− → πþπ−π−, calculated
within the invariant mass region mω � Γω using the central
values of the CKMmatrix elements and PQCD parameters,
is 0.075. We argue that, in the case of CP violation, both
positive and negative deviations can serve as indicators of
CP violation. In experimental settings, due to limitations in
measurement precision and available data, CP-violation
effects in certain decay channels with large mass intervals
may remain undetected as a result of such cancellations.
The solid black line segment ðAℜ

CPÞ represents the curve
of the modified CP asymmetry that incorporates the
sgnðs −m2

ωÞ function. The vertical black dashed lines in
the figure indicate the breakpoints of Aℜ

CP caused by the
sgnðxÞ sign function. By adding this piecewise function,
the CP value is transformed from ACP to Aℜ

CP. The integral
value of Aℜ

CP within the interference region mω � Γω is
0.158. This indicates that the numerical value of Aℜ

CP has
significantly increased compared to the value of ACP
without the introduction of the sgnðxÞ sign function.
Within the PQCD framework, we present the numerical

results of ACP, Aℜ
CP for different integration regions in

TABLE I. Other parameters are from [30,35,38].

Mass (GeV) mB ¼ 5.27934 mπ� ¼ 0.13957 mρ ¼ 0.77526 mω ¼ 0.78265

Wolfenstein parameters λ ¼ 0.22650 A ¼ 0.790 ρ ¼ 0.159 η ¼ 0.352
Decay constants (GeV) fB ¼ 0.1900 fπ ¼ 0.1302 fK ¼ 0.1557 fTϕ ¼ 0.22

fω ¼ 0.195 fϕ ¼ 0.23 fρ ¼ 0.209 fTω ¼ 0.14
Decay width (GeV) Γρ ¼ 0.15 Γω ¼ 8.49 × 10−3
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Table II. The first uncertainty originates from the CKM
matrix, while the second one is associated with the PQCD
method. When mω is defined as the sign-flip point, the Aℜ

CP
within the interference region exhibits an integrated central
value of 0.158, compared to the central value of 0.075 for
ACP over the invariant mass range from 0.7735 to
0.7905 GeV, where mω ¼ 0.782 GeV.
As presented in Table II, a notable discrepancy arises

between the integrated values computed with and without
the sgnðxÞ function when the region of integration encom-
passes the zero-crossing point of ACP. Within the resonance
interference region, if the sign-function correction is
omitted, the observed ACP value obtained through integra-
tion will be significantly suppressed whenever the selected
integration interval straddles the sign-flip threshold—such
as {0.7750, 0.7850} and {0.7735, 0.7905} GeV. This
reduction is entirely attributed to the severe mutual can-
cellation between the positive and negative asymmetric
contributions within the integration interval around the ω
meson mass mω. Conversely, choosing asymmetric narrow
kinematic windows that evade the zero-crossing point near
mω (such as f0.7735; 0.7800g and f0.7825; 0.7905g GeV)
yields a relatively large integrated CP asymmetry, but these
intervals are far too restricted for practical experimental

analyses. Under realistic experimental conditions, an insuf-
ficient sample size or limited statistics cannot satisfy such
stringent narrow-window resolution requirements.
Moreover, the presence of substantial background con-
tamination from the broad f0ð500Þ resonance further
obscures the spectrum, rendering it exceptionally difficult
to isolate a clear, distinct CP-violation signal driven by the
narrow ρ0 − ω interference. To completely resolve this
dilemma and mathematically eliminate the cancellation
effect without a loss of experimental statistics, we strongly
recommend directly employing the physical mass threshold
mω as the exact sign-flip point for the antisymmetric
operator sgnðs −m2

ωÞ. This choice is not only physically
well motivated but also maximizes the efficiency of
extracting the localized CP-violation signal embedded
within the real part of the ρ0 − ω interference amplitude.

V. SUMMARY AND CONCLUSION

In this work, a distinct methodological advantage of our
proposed sign-function approach lies in its remarkable
robustness against hadronic backgrounds originating from
broad, smooth resonant states, particularly the f0ð500Þ (or
σ) meson. In standard experimental analyses of multibody
B meson decays, such wide scalar resonances typically
contribute a vast, slowly varying continuum background
across the πþπ− invariant mass spectrum, severely obscur-
ing the subtle quantum interference signals embedded
within the narrow ρ0 − ω mixing region. Because the
background amplitude from the f0ð500Þ exhibits a flat
and sign-preserving behavior over the localized ρ0 − ω
interference window, the application of the antisymmetric
sgnðs −m2

ωÞ operator causes these smooth, noninterfering
background terms to naturally cancel out upon phase-space
integration. Consequently, this local algebraic method acts
as an efficient “hadronic filter,” providing cleaner and more
precise theoretical guidance for localized CP-violation
searches at future high-luminosity hadron colliders.
We have investigated CP violation arising from the real

part of the interference term in the decay process B− →
πþπ−π− (via ρ0 − ω mixing) within the framework of
perturbative QCD. We find that, within the same invariant
mass range, the magnitude of the CP asymmetry is
significantly enhanced when the sgnðxÞ sign factor is
included compared to when it is not considered.

TABLE II. Different integral values of ACP, Aℜ
CP obtained from various invariant mass ranges in the

B− → πþπ−π− (via ρ0 − ω mixing) decay process.

Range of integration
ffiffiffi
s

p ðGeVÞ ACP Aℜ
CP

[0.7735, 0.7800] −0.111þ0.003þ0.002
−0.002−0.001 0.111þ0.002þ0.001

−0.003−0.002
[0.7825, 0.7905] 0.301þ0.011þ0.019

−0.012−0.016 0.301þ0.011þ0.019
−0.012−0.016

[0.7750, 0.7850] 0.0187þ0.000þ0.003
−0.004−0.002 0.101þ0.003þ0.001

−0.003−0.002
[0.7735, 0.7905] 0.0754þ0.000þ0.005

−0.006−0.004 0.158þ0.004þ0.011
−0.006−0.012

FIG. 1. Plot of ACP as a function of
ffiffiffi
s

p
corresponding to central

parameter values of CKM matrix elements and PQCD param-
eters. The dotted line corresponds to the decay channel of
B− → πþπ−π− (via ρ0 − ω mixing). The solid line corresponds
to the decay channel of B− → πþπ−π− (via ρ0 − ω mixing) after
adding sgnðxÞ.
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Meanwhile, we present the scope of applicability of the
physical mechanism via ρ0 − ω mixing.
Our analysis indicates that ACP undergoes a sign flip

when IðΔ−;ΔþÞℜ
4 is relatively large compared to the other

three terms and the invariant mass
ffiffiffi
s

p
approaches mω.

During the integration process, substantial cancellation
may occur due to ρ0 − ω mixing. Therefore, decay proc-
esses that meet these conditions require the introduction of
the sgnðxÞ function to convert ACP into Aℜ

CP, which allows
for the detection of CP violation arising from ρ0 − ω
mixing by eliminating such cancellation. Similar to
Ref. [16], the authors therein subtract the number of
negative events from the number of positive events of
AFB
CP (CP caused by forward-backward asymmetry), and the

resulting AFB;I
CP is significantly increased compared to the

traditional method, which adds the number of positive
examples to the number of negative examples. As a
concrete example in experimental scenarios, consider a
relatively narrow resonance interference region where Bþ
decay events outnumber B− decay events in the first half of
the invariant mass window, while B− decay events domi-
nate in the second half, such that the net event excesses in
both halves are equal in magnitude. If a single large bin is
utilized to cover the entire interference region, the

asymmetry between the total number of Bþ and B− events
will be integrated out, causing the measured integrated CP
asymmetry to inevitably vanish. This clearly explains why
CP violation within such a narrow interference region
could not be isolated under previous experimental statistics.
According to the prediction presented in this paper, future
experiments with larger sample sizes may allow for further
subdivision of the intervals, thereby enabling more effec-
tive observation of CP-violation signals that could be
obscured due to the mutual cancellation of positive and
negative contributions at LHCb.
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