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背景

CP 破坏在底重子4体衰变中被LHCb发现

ACP(pK
−π+π−) = (2.45± 0.46± 0.10)%

ACP(R(pπ
+π−)K−) = (5.4± 0.9± 0.1)%

ACP(R(pK
−)R(π+π−)) = (5.3± 1.3± 0.2)%
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背景

CPV history

pure mesonic processes: CPV has been observed in K , B, and D meson sectors

baryonic decays: CPV observed in Λb → pK−π+π−.

baryon-anti-baryon production processes: No CPV was confirmed.

Back to the Future 2022

Cronin and Fitch 小林、益川
penguin diagram LHCb
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背景

I. regional CPA (localized CPA)

II. CPAs corresponding in decay angular correlations

III. complementary CPA observables in resonances interferences
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背景

I. regional CPA (localized CPA)

Interference of ρ0(770) and f0(500): non-trivial dependence of CPA on
m2

ππ,high or m2
K+π−
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B± → π+π−π±

ZHZ, X.-H. Guo, and Y.-D. Yang, [PRD87, 076007 (2013)]

A = aS + aP cθ

aS(P) = atreeS(P) + a
penguin
S(P)

ACP ∝
1

3
AP
CP cos2 θ +

|⟨aS ⟩|2 + |⟨āS ⟩|2

|⟨aP⟩|2 + |⟨āP⟩|2
AS
CP +

ℜ(⟨aPa∗S ⟩ − ⟨āP ā∗S ⟩)
|⟨aP⟩|2 + |⟨āP⟩|2

cos θ,
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背景

II. CPAs corresponding in decay angular correlations

Forward-Backward Asymmetry (FBA) induced CPA (FB-CPA)
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背景

2-fold FB-CPA in 4-body decay

Applications to Λ0
b → pπ−π+π−: N(1440) − N(1520) and f0(500) − ρ(770)

Λ0
b → N(→ pπ−)f /ρ(→ π+π−): cθa and cθb are correlated.

(Γjl)∼


Non-int

(N1440N1520)|f |2, Non-int
(N1440N1520)|ρ|2

(f ρ)|N1440|2, (N1440N1520f ρ)GI (f ρ)|N1520|2(f ρ)|N1520|2

Non-int (N1440N1520)|ρ|2 Non-int

.

GI term corresponding to cos θa cos θb

cos θa

cos θb

1

0

−1

1−1

2 Dim Phase Space

two-fold FBA (TFFBA): j = 1 = l

Ã11 =
(NI − NII + NIII − NIV )

N

TFFBA-CPA

A11
CP =

1

2
(Ã11 − Ã11)
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背景

II. CPAs corresponding in decay angular correlations

Partial-Wave CPAs

|M|2 =
∑
j
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FJ∗
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ZHZ, X.-H. Guo, JHEP07(2021)177
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背景

III. complementary CPA observables in resonance-interf.

The interfering term

ℜ
(
ArB∗

sr

)
=

ℜ (ArB∗)
(
s −m2

r

)
+ ℑ (ArB∗)mrΓr

|sr |2
.

a pair of complementary CPV observables

ACP ≡

∫ mr
2+∆+

mr 2−∆−

(
|M|2 −

∣∣∣M∣∣∣2) ds

∫ mr 2+∆+

mr 2−∆−

(
|M|2 +

∣∣∣M∣∣∣2) ds

∼ sin δ sinϕ mainly from ℑ
(
ArB∗)

ÃCP ≡

∫ mr
2+∆+

mr 2−∆−

(
|M|2 −

∣∣∣M∣∣∣2) sgn
(
s − m′

2
2
)
ds

∫ mr 2+∆+

mr 2−∆−

(
|M|2 +

∣∣∣M∣∣∣2) ds

∼ cos δ sinϕ mainly ℜ
(
ArB∗)

A2
CP + Ã2

CP ∼ sin2 ϕ
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背景

III. complementary CPA observables in resonance-interf.

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)%
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通过完全角关联的分析研究四体级联衰变中的CPA

4体级联衰变运动学
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Figure: Illustration of the five angles defined in the main text for the decay
HQ → a(→ 12)b(→ 34).
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通过完全角关联的分析研究四体级联衰变中的CPA

4体级联衰变的振幅模方

The decay amplitude squared (DAS) for HQ → ak(→ 12)bm(→ 34)

|A|2 ∝
∑

σaσa′σbσb′

∑
ja

∑
jb

γjajbσaσbσa′σb′
Ωjajb
σaσbσa′σb′

,

The kinematical factors

Ωjajb
σaσbσa′σb′

≡Pσab,σa′b′(θHQ
)d ja

σa′a,0
(θa)d

jb
σb′b,0

(θb)e
i(σ̄φ+σ̂ϕ),
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通过完全角关联的分析研究四体级联衰变中的CPA

ja 和 jb 的限制条件

The first one is the triangular inequality

|sak − sak′ | ⩽ ja ⩽ sak + sak′ .

that ja must satisfied for a given pair of ak and ak ′ .
Parity symmetry in the strong decay a → 12

(−)ja = ΠakΠak′ ,

If let ak and ak ′ run over all the allowed possibilities, we obtain all the
allowed values of ja.
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通过完全角关联的分析研究四体级联衰变中的CPA

非极化HQ的角关联

For unpolarized HQ

|A|2 ∝
∑
ja,jb,σ

[
ℜ(γjajbσ )Ψjajb

σ −ℑ(γjajbσ )Φjajb
σ

]
,

The kinematical factors merge into

Ωjajb
σ = d ja

σ,0(θa)d
jb
σ,0(θb)e

iσφ.

Entanglement between kinematical angles!
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通过完全角关联的分析研究四体级联衰变中的CPA

Denote the kinematic factors as

Φjajb
σ = d ja

σ,0(θa)d
jb
σ,0(θb) sinσφ,

Ψjajb
σ = d ja

σ,0(θa)d
jb
σ,0(θb) cosσφ,

ja

jb
0 1 2

0 Ψ00
0 = 1 trivial Ψ01

0 cθb Ψ02
0 = 1

2 (c
2
θb
− 1)

1
Ψ10

0 = cθa Ψ11
0 = cθacθb Ψ12

0 = 1
2
cθa (3c

2
θb

− 1)

Ψ11
1 = sθasθbcφ Ψ12

1 = sθasθbcθbcφ
Φ11

1 = sθasθb sφ Φ12
1 = sθasθbcθb sφ

2

Ψ20
0 = 1

2
(3c2θa − 1) Ψ21

0 = 1
2
(3c2θa − 1)cθb Ψ22

0 = 1
4
(3c2θa − 1)(3c2θb

− 1)

Ψ21
1 = sθacθasθbcφ Ψ22

1 = sθacθasθbcθbcφ
Φ21

1 = sθacθasθb sφ Φ22
1 = sθacθasθbcθb sφ
Ψ22

2 = 3
8 s

2
θa
s2θbc2φ

Φ22
2 = 3

8 s
2
θa
s2θb s2φ

Table: The first few angular correlations.
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通过完全角关联的分析研究四体级联衰变中的CPA

CPV observables

AY jajb
σ

CP ≡ 1

2

(
AY jajb

σ − A
Y jajb
σ

)
,

Decay angular correlation asymmetries

AY jajb
σ ≡ 1

N

(
NY jajb

σ >0
− NY jajb

σ <0

)
,

A
Y jajb
σ ≡ 1

N

(
NY jajb

σ >0
− NY jajb

σ <0

)
CPV observables

ÃY jajb
σ

CP ≡ 1

2

(
AY jajb

σ − A
Y jajb
σ

)
,

Decay angular correlation asymmetries

ÃY jajb
σ ≡ 1

N

(
N
sgn·Y jajb

σ >0
− N

sgn·Y jajb
σ <0

)
,

Ã
Y jajb
σ

≡ 1

N

(
N

sgn·Y jajb
σ >0

− N
sgn·Y jajb

σ <0

)
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

A type of decay involving baryon B0 → pp̄K+π−

No evidence of CPV (corresponding to T-odd correlation) in B0 → pp̄K+π−.

CP破坏就在那里！在其它角关联里！
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

threshold enhancement

considerable contribution from K∗(892)

Z.-H. Zhang Full analysis of 4-body CPA LHCbP2025 23 / 37



LHCb是如何与重子对产生过程的CP破坏失之交臂的

interference of 0± and 1∓, Ψ10
0

slight FBA, interference of 0± and K∗(892), Ψ01
0
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

no TPA but clearly left-right asymmetry (LRA), Φ11
1

Ψ01
0 ,Ψ10

0 ,Φ11
1 ⇒ ja, jb = 0, 1 ⇒ 0±&1∓, K ∗(892)&0+ ⇒ ja, jb = 0, 1, 2.
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

angular correlations

ja

jb
0 1 2

0 Ψ00
0 = 1 trivial Ψ01

0 cθb Ψ02
0 = 1

2 (c
2
θb
− 1)

1
Ψ10

0 = cθa Ψ11
0 = cθacθb Ψ12

0 = 1
2
cθa (3c

2
θb

− 1)

Ψ11
1 = sθasθbcφ Ψ12

1 = sθasθbcθbcφ
Φ11

1 = sθasθb sφ Φ12
1 = sθasθbcθb sφ

2

Ψ20
0 = 1

2
(3c2θa − 1) Ψ21

0 = 1
2
(3c2θa − 1)cθb Ψ22

0 = 1
4
(3c2θa − 1)(3c2θb

− 1)

Ψ21
1 = sθacθasθbcφ Ψ22

1 = sθacθasθbcθbcφ
Φ21

1 = sθacθasθb sφ Φ22
1 = sθacθasθbcθb sφ
Ψ22

2 = 3
8 s

2
θa
s2θbc2φ

Φ22
2 = 3

8 s
2
θa
s2θb s2φ
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

B0 Scheme A Scheme B
sign of

cθa cθb
cφ

reg. A
T̂

sign
sφ

yie.
m2

Kπ − m2
K∗ < 0 m2

Kπ − m2
K∗ > 0

reg. A
T̂

yie. reg. A
T̂

yie.

− − + 0 −16.5 ± 10.1
+ 41

0 −26.7 ± 17.8
12

8 −5.1 ± 12.8
29

− 57 20 32

− − − 1 6.1 ± 9.2
+ 63

1 5.4 ± 15.8
21

9 6.6 ± 11.6
40

− 55 19 35

− + + 2 −1.2 ± 7.0
+ 101

2 −7.3 ± 11.1
38

10 0.7 ± 9.0
62

− 103 44 61

− + − 3 25.3 ± 7.2
+ 121

3 15.4 ± 12.8
35

11 30.9 ± 8.7
86

− 72 26 46

+ − + 4 7.8 ± 11.1
+ 44

4 −21.9 ± 13.9
20

12 38.4 ± 16.8
25

− 37 32 11

+ − − 5 2.9 ± 8.3
+ 75

5 −13.4 ± 13.9
22

13 11.6 ± 10.2
54

− 70 29 42

+ + + 6 −22.8 ± 7.4
+ 70

6 −19.3 ± 10.4
37

14 −24.1 ± 10.5
34

− 112 55 56

+ + − 7 −10.4 ± 6.8
+ 97

7 0.7 ± 10.9
42

15 −18.8 ± 8.6
55

− 119 42 80

Table: The TPAs in different regions from the data of LHCb, and the corresponding
event yields extracted from the TPAs data for B0 → pp̄K+π−. In the table, cθa , cθb ,
cφ and sφ are abbreviations for cos θa, cos θb, cosφ, and sinφ, respectively.
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

B0 Scheme A Scheme B
sign of

cθ̄a
cθ̄b

cφ̄
reg. Ā

T̂

sign
sφ̄

yie.
m2

Kπ − m2
K∗ < 0 m2

Kπ − m2
K∗ > 0

reg. Ā
T̂

yie. reg. Ā
T̂

yie.

− − + 0 −13.2 ± 9.5
− 48

0 −21.9 ± 12.9
23

8 −8.0 ± 13.2
26

+ 63 37 31

− − − 1 3.2 ± 9.8
− 54

1 −1.6 ± 20.7
11

9 4.0 ± 11.2
41

+ 50 12 38

− + + 2 23.9 ± 10.0
− 62

2 18.9 ± 17.4
20

10 30.2 ± 12.2
44

+ 38 13 23

− + − 3 3.2 ± 7.8
− 85

3 5.0 ± 13.7
28

11 0.2 ± 9.4
57

+ 80 25 56

+ − + 4 24.3 ± 9.0
− 77

4 26.1 ± 16.3
24

12 22.7 ± 10.7
54

+ 47 14 34

+ − − 5 14.9 ± 8.6
− 78

5 21.9 ± 22.3
12

13 14.2 ± 8.8
74

+ 58 8 55

+ + + 6 −4.9 ± 8.6
− 64

6 −15.3 ± 11.4
33

14 6.4 ± 13.2
23

+ 71 44 20

+ + − 7 6.8 ± 6.6
− 123

7 2.8 ± 8.4
73

15 10.2 ± 9.5
61

+ 107 69 50

Table: The same as last TABLE but for B0 → pp̄K−π+.
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

ja

jb
0 1 2

0 Ψ00
0 = 1 trivial Ψ01

0 cθb Ψ02
0 = 1

2 (c
2
θb
− 1) ×

1
Ψ10

0 = cθa Ψ11
0 = cθacθb Ψ12

0 = 1
2
cθa (3c

2
θb

− 1) ×
Ψ11

1 = sθasθbcφ Ψ12
1 = sθasθbcθbcφ

Φ11
1 = sθasθb sφ Φ12

1 = sθasθbcθb sφ

2

Ψ20
0 = 1

2
(3c2θa − 1) × Ψ21

0 = 1
2
(3c2θa − 1)cθb × Ψ22

0 = 1
4
(3c2θa − 1)(3c2θb

− 1) ×
Ψ21

1 = sθacθasθbcφ Ψ22
1 = sθacθasθbcθbcφ

Φ21
1 = sθacθasθb sφ Φ22

1 = sθacθasθbcθb sφ
Ψ22

2 = 3
8 s

2
θa
s2θbc2φ ×

Φ22
2 = 3

8 s
2
θa
s2θb s2φ

Table: The first few angular correlations.
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LHCb是如何与重子对产生过程的CP破坏失之交臂的

Y jajb
σ AY ja jb

σ A
Y ja jb

σ
AY ja jb

σ

CP ÃY ja jb
σ Ã

Y ja jb
σ

ÃY ja jb
σ

CP

Ψ01
0 28.5 14.0 7.3 5.5 -16.2 10.8

Ψ10
0 0.9 13.1 -6.1

Ψ11
0 -0.7 5.0 -2.9 -2.3 -23.4 10.6

Ψ11
1 -8.6 -14.9 -3.1 -12.1 -12.9 0.4

Φ11
1 -1.0 7.0 -4.0 5.0 6.3 -0.6

Ψ12
1 4.9 -14.0 9.5

Φ12
1 -1.7 -0.1 -0.8

Ψ21
1 -7.2 -4.4 -1.4 -6.3 2.0 -4.2

Φ21
1 -7.4 3.7 -5.5 -2.4 1.9 -2.1

Ψ22
1 -0.1 -1.0 0.5

Ψ22
1 -10.6 -7.3 -1.6

Φ22
2 -7.5 -1.2 -3.2

stat.
err.

2.84 3.01 2.07 2.84 3.00 2.05

Table: Angular correlation asymmetries and CPAs extracted from the data in
LHCb.
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ja

jb
0 1 2

0 Ψ00
0 = 1 trivial Ψ01

0 = cθb Ψ02
0 = 1

2 (c
2
θb
− 1) ×

1
Ψ10

0 = cθa Ψ11
0 = cθacθb Ψ12

0 = 1
2
cθa (3c

2
θb

− 1) ×
Ψ11

1 = sθasθbcφ Ψ12
1 = sθasθbcθbcφ

Φ11
1 = sθasθb sφ Φ12

1 = sθasθbcθb sφ

2

Ψ20
0 = 1

2
(3c2θa − 1) × Ψ21

0 = 1
2
(3c2θa − 1)cθb × Ψ22

0 = 1
4
(3c2θa − 1)(3c2θb

− 1) ×
Ψ21

1 = sθacθasθbcφ Ψ22
1 = sθacθasθbcθbcφ

Φ21
1 = sθacθasθb sφ Φ22

1 = sθacθasθbcθb sφ
Ψ22

2 = 3
8 s

2
θa
s2θbc2φ ×

Φ22
2 = 3

8 s
2
θa
s2θb s2φ

Ψ01
0 : FB-CPA, interf. K∗(892) and a scalar.

Ψ11
0 : two-fold FB-CPA, interf. K∗(892) and a scalar, meanwhile, 0± and 1∓.

Ψ12
1 : Left-Right Asymmetry CPA,
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Y jajb
σ F F∗ Y jajb

σ F F∗

Ψ01
0

F (0±,0+)
0,0 F (0±,1−)

0,0

Ψ02
0

F (0±,1−)
0,0 F (0±,1−)

0,0

F (1∓,0+)
0,0 F (1∓,1−)

0,0 F (1∓,1−)
−1,−1 F (1∓,1−)

−1,−1

Ψ10
0

F (0±,0+)
0,0 F (1∓,0+)

0,0 F (1∓,1−)
0,0 F (1∓,1−)

0,0

F (0±,1−)
0,0 F (1∓,1−)

0,0 F (1∓,1−)
+1,+1 F (1∓,1−)

+1,+1

Ψ11
0

F (0±,0+)
0,0 F (1∓,1−)

0,0

Ψ20
0

F (1∓,0+)
0,0 F (1∓,0+)

0,0

F (0±,1−)
0,0 F (1∓,0+)

0,0 F (1∓,1−)
−1,−1 F (1∓,1−)

−1,−1

Ψ11
1 , Φ11

1
F (0±,0+)

0,0 F (1∓,1−)
+1,+1 F (1∓,1−)

0,0 F (1∓,1−)
0,0

F (1∓,1−)
−1,−1 F (0±,0+)

0,0 F (1∓,1−)
+1,+1 F (1∓,1−)

+1,+1

Ψ12
1 , Φ12

1
F (0±,1−)

0,0 F (1∓,1−)
+1,+1 Ψ12

0 F (0±,1−)
0,0 F (1∓,1−)

0,0

F (1∓,1−)
−1,−1 F (0±,1−)

0,0 Ψ21
0 F (1∓,0+)

0,0 F (1∓,1−)
0,0

Ψ21
1 , Φ21

1
F (1∓,0+)

0,0 F (1∓,1−)
+1,+1

Ψ22
0

F (1∓,1−)
−1,−1 F (1∓,1−)

−1,−1

F (1∓,1−)
−1,−1 F (1∓,0+)

0,0 F (1∓,1−)
0,0 F (1∓,1−)

0,0

Ψ22
1 , Ψ22

1
F (1∓,1−)

0,0 F (1∓,1−)
+1,+1 F (1∓,1−)

+1,+1 F (1∓,1−)
+1,+1

F (1∓,1−)
−1,−1 F (1∓,1−)

0,0 Ψ22
2 , Φ22

2 F (1∓,1−)
−1,−1 F (1∓,1−)

+1,+1

Table: Combinations of the decay amplitudes of B → ab in the interfering terms
contains in the dynamical factors, with a and b respectively sa1

Πa1 = 0±,
sa2

Πa2 = 1∓, and sb1
Πb1 = 1−, sb2

Πb2 = 0+, where b1 is K∗(892).
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总结展望

4 总结展望
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总结展望

总结

LHCb本在2022年就有机会发现与重子相关的CP破坏的（非中国
组）。

多体衰变过程角分布相关的CP破坏的实验分析对理解CP破坏的动
力学非常重要。
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总结展望

展望

In the 1950s, if you discovered a new particle
you got a Nobel Prize; in the 1960s, they fined
you; by the 1970s, they should have put you in
jail!—M. Gell-Mann
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总结展望

展望

祝贺LHCb中国组在重子相关过程中发现CP破坏现象。

预祝LHCb中国组取得越来越多的重要物理成果
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总结展望

Thank you for your attentions!
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