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CP Violations

• Particle physics study symmetry and symmetry breaking.

• Charge-Parity symmetry violation is the key issue of flavor physics.

• CPV relates to most of parameters of SM, is helpful to test SM and search NP.
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• 1956, Parity violation in weak interaction;

• 1964, Observation of CPV in Kaon;

• 1973, Kobayashi-Maskawa mechanism

• 2004, Observation of direct CPV in B meson;

• 2019, Observation of direct CPV in D meson.

• CPV in baryon? quite different! Why? What? How?
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Regional CPV

Total CPV 5.2𝜎

6.0𝜎

[LHCb, Nature 2025]

The first observation of CP asymmetry in baryon decays



CPVs in baryons

➢ Hyperon CPV:

➢ charm baryon CPV:

➢ beauty baryon :  SM estimates ∼ 10% due to large weak phase difference
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• SM predictions:  𝒪 10−5 ∼ 10−4  [Donoghue, X.G.He, Pakvasa, 1986]

• BESIII [Nature, 2022] 𝐴𝐶𝑃
𝛼 Λ → 𝑝𝜋− = 2.5 ± 4.8 × 10−3

• SM predictions:   𝒪 10−3~10−4  [X.G.He, C.W.Liu, 2024] [C.P.Jia, H.Y.Jiang, J.P.Wang, 

F.S.Yu, 2024]

• LHCb [JHEP, 2018]  A𝐶𝑃 Λc → 𝑝𝐾+𝐾−/𝑝𝜋+𝜋− = 3.0 ± 9.1 ± 6.1 × 10−3

𝐴𝐶𝑃 𝐵0 → 𝐾+𝜋− = −8.34 ± 0.32 %
𝐴𝐶𝑃 𝐵𝑠

0 → 𝐾−𝜋+ = 22.4 ± 1.2 % [PDG]

𝐴𝐶𝑃 Λ𝑏 → 𝑝𝜋− = 0.20 ± 0.83 ± 0.37 %
𝐴𝐶𝑃 Λ𝑏 → 𝑝𝐾− = −1.14 ± 0.67 ± 0.36 % [LHCb,2024]



Topological diagrams of two-body decays
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Explain CPVs of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾− in PQCD

➢ Baryons have half-integer spin, and thus two partial wave amplitudes.
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Tree Penguin

S wave

P wave

𝑤𝑒𝑖𝑔ℎ𝑡𝑠

strong phase difference



Explain CPVs of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾− in PQCD

➢ Baryons have half-integer spin, and thus two partial wave amplitudes.
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Tree Penguin

S wave

P wave

∼ 𝑞𝜇 ത𝑢𝑝𝛾𝜇 1 − 𝛾5 𝑢Λ𝑏
∼ ത𝑢𝑝 1 + 𝛾5 𝑢Λ𝑏

∼ ത𝑢𝑝 1 + 𝛾5 𝛾5𝑝𝜋 𝑣Λ𝑏
𝛾5 𝑝𝑝 1 − 𝛾5 𝑢Λ𝑏

∼ ത𝑢𝑝 1 − 𝛾5 𝑢Λ𝑏

Δ𝛿𝑆−𝑤𝑎𝑣𝑒 = 𝛿𝑃𝐶2

𝑆−𝑤𝑎𝑣𝑒 − 𝛿𝑇
𝑆−𝑤𝑎𝑣𝑒

Δ𝛿𝑃−𝑤𝑎𝑣𝑒 = 𝛿𝑃𝐶2

𝑃−𝑤𝑎𝑣𝑒 − 𝛿𝑇
𝑃−𝑤𝑎𝑣𝑒

different by 𝜋



Explain CPVs of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾− in PQCD

➢ Baryons have half-integer spin, and thus two partial wave amplitudes.

➢ So CPVs of S- and P-waves can be as large as B mesons, but cancelled with each other.
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Tree Penguin

S wave

P wave

strong phase difference



➢ The above crude argument needs to be justified by comprehensive QCD calculations

➢ Based on 𝑘𝑇 factorization, PQCD approach has successfully predicted B meson CPV

➢ Amplitudes are expressed as convolution of hard kernels and LCDAs

𝑘𝑇 factorization (PQCD approach)
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𝐶𝜋𝜋 𝐵 → 𝜋+𝜋− % 𝐴𝐶𝑃 𝐵 → 𝐾+𝜋− %

∼ −40 [Lü,Ukai,Yang,2000] ∼ −18 [Keum,Li,Sanda,2000]

−30 ± 25 ± 4 [BaBar,2002] −19 ± 10 ± 3 [BaBar,2001]

−12.8−3.29
+3.48

 [Chai,Cheng,Ju,Yan, Lü,Xiao,2022] −5.43−2.34
+2.25

 [Chai,Cheng,Ju,Yan, Lü,Xiao,2022]

−31.4 ± 3 [PDG] −8.31 ± 0.31 [PDG]

ℳ = 𝑝𝑀 𝐻𝑒𝑓𝑓 Λ𝑏

       ∼ ׬ 𝑑4𝑘𝑝 𝑑4𝑘𝑀 𝑑4𝑘𝛬𝑏
𝛹𝑝 𝑘𝑝 , 𝜇 𝛹𝑀 𝑘𝑀 , 𝜇 𝛹Λ𝑏

𝑘Λ𝑏
, 𝜇 ⋅ 𝐶𝑖 𝜇 𝐻 𝑘𝑝 , 𝑘𝑀 , 𝑘Λ𝑏

, 𝜇

∼ න
0

1

𝑑𝑥𝑝 [𝑑𝑥𝑀][𝑑𝑥Λ𝑏
] න 𝑑2𝑘𝑝

𝑇 [𝑑2𝑘𝑀
𝑇 ][𝑑2𝑘Λ𝑏

𝑇 ]𝜙𝑝 𝑥𝑝 , 𝜇 𝜙𝑀 𝑥𝑀 , 𝜇 𝜙Λ𝑏
𝑥Λ𝑏

, 𝜇

⋅ 𝐶𝑖 𝜇 𝐻 𝑥𝑝, 𝑘𝑝
𝑇 , 𝑥𝑀, 𝑘𝑀

𝑇 , 𝑥Λ𝑏
, 𝑘Λ𝑏

𝑇 , 𝜇
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➢ without the CKM matrix elements, × 10−9

Partial wave amplitudes of Λ𝑏 → 𝑝𝜋− in PQCD
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Partial wave amplitudes of Λ𝑏 → 𝑝𝐾− in PQCD

• without the CKM matrix elements, × 10−9

• SU(3) breaking effect



CPV of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−
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𝐴𝐶𝑃 Λ𝑏 → 𝑝𝜋− = 0.20 ± 0.83 ± 0.37 %  [LHCb,2024]

Λ𝑏 → 𝑝𝜋− is tree-dominant, so taking 
𝑆 2

𝑃 2 =
619 2

905 2
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[J.P.Wang,Q.Qin,F.S.Yu,2024]
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• The angle distribution for Λ𝑏 → 𝑝𝑉 → 𝑝ℎ1ℎ2 :

• The CP asymmetry and average for 𝒯 :

• How to measure the large partial-wave CPV?

• The angular distributions may help.



𝜃𝐾 ∼ 30°/60°

16

Predict CPVs of Λ𝑏 → 𝑝𝑎1, 𝑝𝐾1 1270 , 𝑝𝐾1(1400)



• The angle distribution for Λ𝑏 → 𝑝𝐴 → 𝑝ℎ1ℎ2ℎ3 :

• up-down asymmetry :

Results of Λ𝑏 → 𝑝𝑎1, 𝑝𝐾1
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[J.P.Wang,Q.Qin,F.S.Yu,2024]



Summary
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large partial-wave CPVs, 

but cancelled

large partial-wave CPVs, 

but not dominate



Conclusion
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First full QCD analysis of b-baryon decays 

We suggest to measure the 𝐴𝐶𝑃
𝑈𝐷 and direct CPV in Λ𝑏 → 𝑝𝐾𝜋𝜋, 𝑝𝜋𝜋𝜋 modes !

Find cancellation of partial wave CPVs

Half-integer spin of baryon, different partial wave amplitudes, different dynamics

Small direct CPVs of Λ𝑏 → 𝑝𝜋, 𝑝𝐾 are well explained

Our PQCD calculation have No conflict with known measurements

Large CPV observables are proposed and predicted



Backup



Opportunities and puzzle

➢ LHCb is a baryon factory !

➢ Precision of b-baryon CPV measurement reached the order of 1%

➢ Why CPVs of Λ𝑏 → 𝑝𝜋, 𝑝𝐾 are small ? What difference of dynamics?

➢ Baryons are very different from mesons!

• non-zero spin/polarization, more information from polarizations and partial waves

• three valence quarks, need at least two hard gluons

• SCET: power counting of baryon is different from meson

• heavy-to-light form factor is factorizable at leading power and no end-point singularity!

• leading power: 𝜉Λ𝑏→Λ 𝑞2 = 0 = −0.012  [W.Wang, 2011]

• Total form factors: 𝜉Λ𝑏→Λ 𝑞2 = 0 = 0.18 [Y.L.Shen, Y.M.Wang, 2016]
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𝑁Λ𝑏

𝑁𝐵
0,− ∼ 0.5 [LHCb, 2012]

𝑓Λ𝑏

𝑓𝑢,𝑑
∼ 0.5

𝐴𝐶𝑃 Λ𝑏 → 𝑝𝜋− = 0.20 ± 0.83 ± 0.37 %
𝐴𝐶𝑃 Λ𝑏 → 𝑝𝐾− = −1.14 ± 0.67 ± 0.36 % [LHCb,2024]

𝜉Λ𝑏→Λ = 𝑓Λ𝑏
ΦΛ𝑏

𝑥𝑖 ⊗ 𝐽 𝑥𝑖, 𝑦𝑖 ⊗ fΛΦΛ yi



Feynman diagrams
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𝐴𝐶𝑃 Λ𝑏 → 𝑝𝜋− = 0.20 ± 0.83 ± 0.37 %
𝐴𝐶𝑃 Λ𝑏 → 𝑝𝐾− = −1.14 ± 0.67 ± 0.36 % [LHCb,2024]
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chiral factors 𝑅1 ≈ 𝑅2
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