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background and motivation

CPV induced by TPA in four-body decays

Triple-Product Asymmetry AT (see Long-Ke Li’s talk)
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background and motivation

CPV induced by TPA in four-body decays

TPA induced CP asymmetries

TP-CPA is proportional to the cosine of a strong phase δ:

ℑ(ab∗)−ℑ(ab∗) ∼ sinϕweak cos δ,

Why?

A =
∑
k

Ak

|A|2 ∼ ℜ(AkA
∗
k ′)

ACP ∼ ℜ(AkA
∗
k ′)−ℜ(Ak Ak ′

∗
)

∼ sinϕweak sin δ

A =
∑
m

Ame
imφ

|A|2 ∼ ℜ(AmA
∗
m′e i(m−m′)φ)

∼ ℜ(AmA
∗
m′) cos[(m −m′)φ]

+ℑ(AmA
∗
m′) sin[(m −m′)φ]
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background and motivation

CPV induced by TPA in four-body decays

TP-CPA searching

D0 → K+K−π+π−, D+ → K+K−π+π0, D+
(s) → K+K−π+π0,

D+
(s) → K+π−π+π0, D0 → K 0

SK
0
Sπ

+π−, Λ0
b → pK−π+π−,

Λ0
b → pK−K+K−, Ξ0

b → pK−K−π+

Λ0
b → pπ−π+π−: aT̂−odd

P = (−4.0± 0.7± 0.2)%.

TPA induces CP asymmetry (TP-CPA) has never been observed yet.

Z.-H. Zhang CPA corresponding to the imaginary parts of interference termsHFCPV2024 6 / 17



background and motivation

general consideration

A =
∑
m

Ame
imφ

|A|2 ∼ ℜ(AmA
∗
m′e i(m−m′)φ)

∼ ℜ(AmA
∗
m′) cos[(m −m′)φ]

+ℑ(AmA
∗
m′) sin[(m −m′)φ]

A =
∑
k

akbk

|A|2 ∼ ℜ[(akbk)(a∗k ′b∗k ′)]

∼ ℜ(aka∗k ′)ℜ(bkb∗k ′)

+ℑ(aka∗k ′)ℑ(bkb∗k ′)

non-zero ℑ(bkb∗k ′) provides opportunities for CPA corresponding to
ℑ(aka∗k ′).
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interference of resonances in cascade decays

three-body cascade decay H → rc , r → ab

M =
∑
r

Ar

sr
, sr = s −m2

r + imrΓr

decay amplitude squared

|M|2 ≈ |A1|2

|s1|2
+

|A2|2

|s2|2
+ 2ℜ

(
A1A∗

2

s1s∗2

)
,

The interfering term

ℜ
(
A1A∗

2

s1s∗2

)
=

ℜ (A1A∗
2)ℜ (s1s

∗
2 ) + ℑ (A1A∗

2)ℑ (s1s
∗
2 )

|s1s2|2
.
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interference of resonances in cascade decays

The interfering term

ℜ
(
A1A∗

2

s1s∗2

)
=

ℜ (A1A∗
2)ℜ (s1s

∗
2 ) + ℑ (A1A∗

2)ℑ (s1s
∗
2 )

|s1s2|2
.

ℜ (s1s
∗
2 ) = m1Γ1m2Γ2 +

(
s −m2

1

) (
s −m2

2

)
ℑ (s1s

∗
2 ) =

(
s −m2

2

)
m1Γ1 −

(
s −m2

1

)
m2Γ2

= m1Γ1(1−
m2Γ2
m1Γ1

)
(
s −m′

2
2
)

where m′
2 = m2

√
(1− m1Γ2

m2Γ1
)/(1− m2Γ2

m1Γ1
).

Now the difference between the behaviour of ℜ (s1s
∗
2 ) and ℑ (s1s

∗
2 ) is

obvious: while the latter tends to change sign as s passes through m′
2
2,

the former does not.
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interference of resonances in cascade decays

a pair of CPV observables

ACP ≡

∫ m′
2
2+∆+

m′
2
2−∆−

(
|M|2 −

∣∣M∣∣2) ds

∫ m′
2
2+∆+

m′
2
2−∆−

(
|M|2 +

∣∣M∣∣2) ds

∼ sin δ contribution mainly from ℜ (A1A∗
2)

Aℑ
CP ≡

∫ m′
2
2+∆+

m′
2
2−∆−

(
|M|2 −

∣∣M∣∣2) sgn
(
s −m′

2
2
)
ds

∫ m′
2
2+∆+

m′
2
2−∆−

(
|M|2 +

∣∣M∣∣2) ds

∼ cos δ mainly ℑ (A1A∗
2)

sgn(x) =

{
+1, x > 0;
−1, x < 0.

From Jian-Peng Wang’s slides in 2023
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Forward-Bacward Asymmetry induced CPA in B± → π+π−π±

Forward-Bacward Asymmetry induced CPA in B± → π+π−π±

Interfering of ρ(770) and f0(500) results in
FBA.

�

�
− �

−

�
−

�
+

π+π− c.m. frame

AFB
CP ≡

∫ m′
2
2+∆+

m′
2
2−∆−

∫ +1
−1

(
|M|2 −

∣∣M∣∣2) sgn(cθ) dcθds∫ m′
2
2+∆+

m′
2
2−∆−

∫ +1
−1

(
|M|2 +

∣∣M∣∣2) dcθds

AFB,ℑ
CP ≡

∫ m′
2
2+∆+

m′
2
2−∆−

∫ +1
−1

(
|M|2 −

∣∣M∣∣2) sign(cθ) sgn
(
s −m′

2
2
)
dcθds∫ m′

2
2+∆+

m′
2
2−∆−

∫ +1
−1

(
|M|2 +

∣∣M∣∣2) dcθds
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Forward-Bacward Asymmetry induced CPA in B± → π+π−π±

LHCb, PRD 101 (2020) 012006 [1909.05212]
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AFB
CP,k =

(N
B− − NB+ )cos θhel>0,k − (N

B− − NB+ )cos θhel<0,k

(N
B− + NB+ )cos θhel>0,k + (N

B− + NB+ )cos θhel<0,k

A
FB,ave
CP

=

∑15
k=8[(NB− − NB+ )cos θhel>0,k − (N

B− − NB+ )cos θhel<0,k ]∑15
k=8

[(N
B− + NB+ )cos θhel>0,k + (N

B− + NB+ )cos θhel<0,k ]

= (0.8 ± 1.0)%

A
FB,ℑ
CP

=

(∑15
k=12 −

∑11
k=8

) [
(N

B− − NB+ )cos θhel>0,k − (N
B− − NB+ )cos θhel<0,k

]
∑15

k=8

[
(N

B− + NB+ )cos θhel>0,k + (N
B− + NB+ )cos θhel<0,k

]
= (13.2 ± 1.0)%

Z.-H. Zhang CPA corresponding to the imaginary parts of interference termsHFCPV2024 14 / 17



Summary and Outlook

4 Summary and Outlook

Z.-H. Zhang CPA corresponding to the imaginary parts of interference termsHFCPV2024 15 / 17



Summary and Outlook

Summary and Outlook

pair(s) of complementary CPA observables may provide us
opportunities of discoveries CPV in charmed hadron multi-body
decays, in heavy baryon decays.
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Summary and Outlook

Thank you for your attentions!
欢欢欢迎迎迎各各各位位位老老老师师师推推推荐荐荐优优优秀秀秀毕毕毕业业业生生生加加加入入入南南南华华华大大大学学学！！！
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