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motivations

CPV and Matter-anti-Matter Asymmetry of the Universe

A. Sakharov’s criteria

B-violation;

C , and CP violation;

out of thermal equilibrium.

Santandar Model of PP:

sphaleron transitions;

CKM matrix for CPV mechanism
(but by far not enough).
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motivations

CPV in hadron decay
story incomplete, but more interesting

pure mesonic processes: CPV has been observed in K , B, and D meson sectors
baryonic decays: small CPV observed in Λb → pK−π+π− (ACP = (2.45± 0.47)%), but
detailed dynamics unclear. (Nature643(2025), 1223, see Yanxi’s plenary talk on Friday)
baryon-anti-baryon (BB′) production processes: No CPV was confirmed.

Towards M. Everest.

Cronin and Fitch Kobayashi (小林)、Maskawa (益川)
penguin diagram LHCb
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motivations

When CPV meets SPIN:
CPV in decay-angular-distributions in multi-body decays

CPV in baryon decays Λb → pK−π+π−:
small overall CPA:

ACP ≡
ΓΛb→pK−π+π− − ΓΛb→pK+π+π−

ΓΛb→pK−π+π− + ΓΛb→pK+π+π−
= (2.45±0.46±0.10)%,

larger regional CPA in Dalitz regions
Λb → R(→ pπ+π−)K−:

Areg.
CP = (5.4± 0.9± 0.1)%.

CPV in angular correlations: no experimental
evidence of Triple-Product Asymmetry induced
CPAs

a full angular-correlation analysis of CPAs is absent
for four-body decays.
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full angular-correlation CPV in 4-body decay

2 CPV in the angular correlations in four-body decays of heavy hadrons
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full angular-correlation CPV in 4-body decay

Kinematics
cascade decay HQ → ak(→ 12)bm(→ 34)

intermediate resonances ak ’s (and bm’s) with different Spin-Parities
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Figure: Five kinematic angles for the decay HQ → ak(→ 12)bm(→ 34).
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full angular-correlation CPV in 4-body decay

Dynamics
cascade decay HQ → ak(→ 12)bm(→ 34)

Decay amplitude squared for HQ → ak (→ 12)bm(→ 34)

|A|2 ∝
∑

σaσa′σbσb′

∑
ja

∑
jb

γ
ja jb
σaσbσa′σb′

Ω
ja jb
σaσbσa′σb′

,

The kinematical factors

Ω
ja jb
σaσbσa′σb′

≡Pσab,σa′b′(θHQ
)d ja

σa′a,0
(θa)d

jb
σb′b,0

(θb)e
i(σ̄φ+σ̂ϕ),

For unpolarized HQ : The kinematical factors merge into (kine. angles 5 → 3)

|A|2 ∝
∑

ja,jb,σ

[
ℜ(γ

ja jb
σ )Ψ

ja jb
σ −ℑ(γ

ja jb
σ )Φ

ja jb
σ

]
,

Ω
ja jb
σ = Ψ

ja jb
σ + iΦ

ja jb
σ = d ja

σ,0(θa)d
jb
σ,0(θb)e

iσφ.

ja: quantum number of S⃗ak + S⃗ak′ .

σ = σa − σa′
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full angular-correlation CPV in 4-body decay

Angular correlations

Table: The first few 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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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
cascade decay HQ → ak(→ 12)bm(→ 34)

Constraints to ja and jb

Triangular inequality

|sak − sak′ | ⩽ ja ⩽ sak + sak′ .

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.
Inversely, if possible ja (and jb) is seen from the data, we can infer what
kind of resonances enters.

Kinematics ↔ Dynamics (interference pattern)
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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
CPA inducde by Interference between intermediate resonances

Resonance-Interference

I. CPAs in angular distributions

II. complementary CPA observables
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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
Resonance-Interference: I. CPAs in angular distributions (cancellation type I)

Forward-Backward Asymmetry induced CPA (FB-CPA)
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=
ℜ(⟨a∗S aP e
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.
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ZZ, X.-H. Guo, and Y.-D. Yang, [PRD87, 076007 (2013)]
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;
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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
Resonance-Interference: I. CPAs in angular distributions

CPV in baryon-four-body decays: Λ0
b → pπ−π+π−

N(1440) − N(1520) and

f0(500) − ρ(770), ZZ, PRD107(2023),L011301

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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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
Resonance-Interference: I. CPAs in angular distributions

Partial-Wave CPAs

|M|2 =
∑
j

Pj (cθ′
1
)w (j)

.

w (j) =
∑
ii′

〈
S(j)

ii′ W
(j)

ii′

IRi
IRi′

〉
,

W(j)

ii′ =
∑
σλ3

(−)σ−s⟨sRi − σsRi′
σ|sRi sRi′ j0⟩F

J
Ri ,σλ3

FJ∗
Ri′ ,σλ3

,

S(j)

ii′ =
∑
λ′
1
λ′
2

(−)s−λ′
⟨sRi − λ

′sR
i′
λ
′|sRi sRi′ j0⟩F

Ri ,sRi
λ′
1
λ′
2
F

R
i′ ,sRi′

∗

λ′
1
λ′
2

∣∣∣∣∣∣∣
λ′=λ′

1
−λ′

2

.

Aj
CP =

w j − w j

w j + w j

ZHZ, X.-H. Guo, JHEP07(2021)177
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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
Resonance-Interference: II. complementary CPA observables

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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full angular-correlation CPV in 4-body decay

Kinematics ↔ Dynamics
Resonance-Interference: II. complementary CPA observables

LHCb, PRD 101 (2020) 012006 [1909.05212]

0.4 0.6 0.8 1 1.2 1.4 1.6

-40

-20

0

20

40

J.-J. Qi, J.-Y. Yang, ZZ,
PRD110(2024) L111301[2407.20586]

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)%

significane: 1σ → 13σ!
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full angular-correlation CPV in 4-body decay

Kinematics ↔ CPV observables

Angular correlation CPV observables in four-body cascade decays

Decay angular correlation CPV observables

AY jajb
σ

CP ≡

(
NY jajb

σ >0
−NY jajb

σ <0

)
−
(
NY jajb

σ >0
−NY jajb

σ <0

)
N + N

.

Complementary CPV observables

ÃY jajb
σ

CP ≡

[
(N

sgn34Y
jajb
σ >0

− N
sgn34Y

jajb
σ <0

)− (N
sgn34Y

jajb
σ >0

− N
sgn34Y

jajb
σ <0

)
]

N + N
.

CPV observables ↔ Kinematics ↔ Dynamics (interference pattern)
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discussion on LHCb results of the decay B0 → pp̄K+π−

3 Discussion on LHCb results of the decay B0 → pp̄K+π−
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discussion on LHCb results of the decay B0 → pp̄K+π−

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

“No evidence of CPV (corresponding to T-odd correlation) in B0 → pp̄K+π−.”
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discussion on LHCb results of the decay B0 → pp̄K+π−

pp threshold enhancement

considerable contribution from K∗(892)

Ψ01
0 , Ψ10

0 , Φ11
1 , ⇒ ja, jb = 0, 1,

⇒ 0± & 1∓, K∗(892)&0+

⇒ ja, jb = 0, 1, 2.

large FBA, interference of 0± and 1∓, Ψ10
0

slight FBA, interference of 0± and K∗(892), Ψ01
0

no TPA but clearly left-right asymmetry (LRA), Φ11
1
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discussion on LHCb results of the decay B0 → pp̄K+π−

angular correlations
focusing on phase space around K∗(892) and the threshold region of pp

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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discussion on LHCb results of the decay B0 → pp̄K+π−

Extracting the event yields from LHCb’s paper

Fitting the yields and the errors from all the subfigures for B0 and B0. The data sets in different
rows of the subfigures in Fig. 5 of the LHCb’s PRD paper, which are denoted with dots of
different colors in our fitting figure, are in fact the same data sets but projected onto different
kinematical variables. The fitting procedures should also be done separately on each projected
data set. Actually, we did the separate fitting on each data set and obtained quite the same k
consistently. Hence we concisely present the combined fitting in one figure.
The yields and their corresponding errors are all well aligned according to

N =
(σ

k

)2
, k ≈ 1.55.
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discussion on LHCb results of the decay B0 → pp̄K+π−

Extracting the event yields from LHCb’s paper

B0 Scheme A Scheme B
sign

cθa cθb
cφ

sign
sφ

bin A
T̂ yie.

m2
Kπ − m2

K∗ < 0 m2
Kπ − m2

K∗ > 0
bin A

T̂
yie. bin A

T̂
yie.

− − +
+

0 −16.5 ± 10.1
98

0 −26.7 ± 17.8
28

8 −5.1 ± 12.8
70

− 137 48 77

− − − +
1 6.1 ± 9.2

150
1 5.4 ± 15.8

51
9 6.6 ± 11.6

95
− 133 45 83

− + +
+

2 −1.2 ± 7.0
242

2 −7.3 ± 11.1
90

10 0.7 ± 9.0
149

− 248 105 147

− + − +
3 25.3 ± 7.2

290
3 15.4 ± 12.8

85
11 30.9 ± 8.7

208
− 173 62 110

+ − +
+

4 7.8 ± 11.1
105

4 −21.9 ± 13.9
49

12 38.4 ± 16.8
59

− 90 76 26

+ − − +
5 2.9 ± 8.3

179
5 −13.4 ± 13.9

54
13 11.6 ± 10.2

129
− 169 70 102

+ + +
+

6 −22.8 ± 7.4
169

6 −19.3 ± 10.4
90

14 −24.1 ± 10.5
83

− 269 132 135

+ + − +
7 −10.4 ± 6.8

233
7 0.7 ± 10.9

102
15 −18.8 ± 8.6

132
− 287 100 193

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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discussion on LHCb results of the decay B0 → pp̄K+π−

Extracting the event yields from LHCb’s paper

B0 Scheme A Scheme B
sign

cθ̄a
cθ̄b

cφ̄
sign
sφ̄

bin Ā
T̂ yie.

m2
Kπ − m2

K∗ < 0 m2
Kπ − m2

K∗ > 0

bin Ā
T̂

yie. bin Ā
T̂

yie.

− − +
−

0 −13.2 ± 9.5
115

0 −21.9 ± 12.9
56

8 −8.0 ± 13.2
63

+ 151 88 74

− − − −
1 3.2 ± 9.8

129
1 −1.6 ± 20.7

28
9 4.0 ± 11.2

99
+ 121 28 92

− + +
−

2 23.9 ± 10.0
149

2 18.9 ± 17.4
47

10 30.2 ± 12.2
105

+ 91 32 56

− + − −
3 3.2 ± 7.8

204
3 5.0 ± 13.7

67
11 0.2 ± 9.4

136
+ 191 61 136

+ − +
−

4 24.3 ± 9.0
184

4 26.1 ± 16.3
57

12 22.7 ± 10.7
129

+ 112 33 81

+ − − −
5 14.9 ± 8.6

186
5 21.9 ± 22.3

29
13 14.2 ± 8.8

177
+ 138 19 133

+ + +
−

6 −4.9 ± 8.6
154

6 −15.3 ± 11.4
78

14 6.4 ± 13.2
55

+ 170 106 48

+ + − −
7 6.8 ± 6.6

294
7 2.8 ± 8.4

175
15 10.2 ± 9.5

147
+ 257 165 119

Table: The same as TABLE 2 but for B0 → pp̄K−π+.
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discussion on LHCb results of the decay B0 → pp̄K+π−

Accessible angular correlations based on the data in
LHCb’s paper

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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discussion on LHCb results of the decay B0 → pp̄K+π−

Accessible angular correlations based on the data in
LHCb’s paper

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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discussion on LHCb results of the decay B0 → pp̄K+π−

Y jajb
σ Ψ00

0 Ψ01
0 Ψ10

0 Ψ11
0 Ψ11

1 Φ11
1 stat. err. sys. err.

AY ja jb
σ

CP 5.8 8.5 -5.6 -2.8 2.5 -4.0 2.07 0.21

ÃY ja jb
σ

CP 10.7 10.0 -0.0 -0.5 2.05 0.21

Y jajb
σ Ψ12

1 Φ12
1 Ψ21

1 Φ21
1 Ψ22

1 Φ22
1 Φ22

2 stat. err. sys. err.

AY ja jb
σ

CP 9.2 -0.8 -1.7 -5.6 0.4 -2.0 -3.4 2.07 0.21

ÃY ja jb
σ

CP -4.3 -2.4 2.05 0.21

Table: Decay angular correlation CPAs in unit of % calculated with the event
yields extracted from the data of LHCb.

A
Ψ00

0

CP ≡ 1

N + N

[
(+115 + 151 + 129 + 121 + 149 + 91 + 204 + 191

+184 + 112 + 186 + 138 + 154 + 170 + 294 + 257)B0

−(· · · )B0

]
= 5.8± 2.1.

A
Ψ12

1

CP ≡ 1

N + N

[
(−115 + 151 + 129− 121 + 149− 91− 204 + 191

+184− 112− 186 + 138− 154 + 170 + 294− 257)B0

−(· · · )B0

]
= 9.2± 2.1.
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discussion on LHCb results of the decay B0 → pp̄K+π−

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

interf. dynamics of the three large CPAs

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, interf. 0± and 1∓ in pp side
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discussion on LHCb results of the decay B0 → pp̄K+π−

Why LHCb missed CPA in this
baryon-production process

obvious: TPA-CPAs are not
large enough

extracting CPAs in each of the
small bins suffers from low
statistics issue

different kind of angular
distributions are correlated in
different ways, a simple
summing up of the events in
different bins will simply missing
most of the angular correlations.

Why Full angular-correlation analysis
of CPV is a powerful tool

Full angular analysis, large CPAs
may hide in angular-correlation
other than TPAs

collecting all bins for each
observables, overcome low
statistic issue

The data of the bins are
combined in non-trivial ways,
overcome the cancellation
problems.

methods

features
statistical signifi-
cance

inferring dynamics model-independent efficiency

regional CPA in Dalitz × × ✓ ✓
amplitude analysis ✓ ✓ × ×

energy test ✓ × ✓ ×
full angular-correlation ✓ ✓ ✓ ✓
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4 summary and outlook
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summary and outlook

summary and outlook

extremely strong evidence of CPV in B0 → ppK+π−, CPA∼ 10%

Full analysis of angular-correlated CPA is a powerful tool,

opportunities for CPV investigation in charmed sectors and more;

challenges on theo. side：1) Pres. Calc. 2)aim at right observables

methods

features
statistical signifi-
cance

inferring dynamics model-independent efficiency

regional CPA in Dalitz × × ✓ ✓
amplitude analysis ✓ ✓ × ×

energy test ✓ × ✓ ×
full angular-correlation ✓ ✓ ✓ ✓
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Thank you for your attentions!
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