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Standard Model
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➢ Standard Model achieves great success,

➢ But still remains some puzzles: dark matter, dark energy, neutrino oscillation, matter 
asymmetry in Universe, ……

➢ How to understand matter asymmetry, suppose that the Big Bang produced equal numbers 
of positive and negative baryons ?

𝑌𝐵
𝑜𝑏𝑠 ≈ 8 × 10−11 𝑌𝐵

𝑆𝑀 ≈ 7 × 10−20 [Astron. Astrophys.594 A13(2016)]



CP violation

➢ Matter-antimatter asymmetry in the Universe

➢ Three conditions for Matter-antimatter asymmetry:

• Interaction to violate baryon number;

• C and CP violation;

• Deviate thermal equilibrium

➢ Moreover, CPV relates to parameters in SM, is helpful to search NP indirectly.

➢ Baryon CPV is more crucial, as visible matter in Universe is made of baryons.
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[Science 109 (2005) 5731]

[Sakharov JETP Lett.(1967)]



Baryon CPV

➢ 超子

➢ 粲重子

➢ 底重子
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• SM:  𝒪 10−5 ∼ 10−4  
• BESIII [Nature, 2022] 𝐴𝐶𝑃

𝛼 Λ → 𝑝𝜋− = 2.5 ± 4.8 × 10−3

• SM:   𝒪 10−3~10−4

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

[Donoghue, X.G.He, Pakvasa, 1986)]

[X.G.He, C.W.Liu, 2024]

[C.P.Jia, H.Y.Jiang, J.P.Wang, F.S.Yu, 2024]

• SM estimates ∼10% due to large weak phase difference

𝐴𝐶𝑃 Λ𝑏
0 → 𝑝𝐾− = −1.1 ± 0.7 ± 0.4 × 10−2

𝐴𝐶𝑃 Λ𝑏
0 → 𝑝𝜋− = −0.2 ± 0.8 ± 0.4 × 10−2

• 两体衰变直接CP破坏

• 多体衰变三重积CP破坏

• 多体衰变Dalitz局域CP破坏

[LHCb, 2412.13958]
[LHCb, PRL 134 (2025]
[LHCb, Nature Physics 13 (2017)]



CP violation

2026/3/28 6

➢ LHCb实验组首次发现重子衰变CP破坏

[LHCb Nature(2025)]
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[Zhen-Hua Zhang, et.al.]
[J.P.Wang, Q.Qin, F.S.Yu]

[HJJ, J.X.Yu, Y.Li, H.n.Li, J.P.Wang, Z.J.Xiao, F.S.Yu, PQCD(2025)]
[J.P.Wang, F.S.Yu, FSI(2024)]



2.Two-body decays



Puzzle of b-baryon CPV
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➢ Why baryon two-body CPV small?

𝐴𝐶𝑃 Λ𝑏 → 𝑝𝜋− = 0.20 ± 0.83 ± 0.37 %
𝐴𝐶𝑃 Λ𝑏 → 𝑝𝐾− = −1.14 ± 0.67 ± 0.36 %

➢ LHCb, 2024



Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−

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

2026/3/28 CP violation of Λ𝑏 decay in PQCD 10

Tree Penguin

S wave

P wave

strong phase difference



Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−

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

2026/3/28 CP violation of Λ𝑏 decay in PQCD 11
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Topological diagrams
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=d,s

[A.Leibovich, Z.Ligeti, I.Stewart, 

M.Wise, Phys.Lett.B (2024)]



➢ Strong phases need to be determined by QCD calculations

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

➢ Amplitudes are expressed as convolution of hard kernels and LCDAs

➢ Free of end-point singularity

CPVs in PQCD
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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
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[Sterman,Hsiang-nan Li,1995~2000]

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]
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Results of Λ𝑏 → 𝑝𝜋−

in unit of 10−9

S波的强相位 P波的强相位



Obsverables of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−
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𝐴𝐶𝑃
𝑑𝑖𝑟 ≈

𝑆 2

𝑆 2 + 𝑃 2 𝐴𝐶𝑃
𝑆 +

𝑃 2

𝑆 2 + 𝑃 2 𝐴𝐶𝑃
𝑃

分波CPV符号相反，相互抵消



3. Multi-body decays （汪建鹏）



Baryon CPV
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4.Summary and outlook



Summary
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Baryon CPV is a new horizon of heavy flavor physics.

We do first full QCD analysis of b-baryon two-body decays 

We propose a new CPV mechanism from 𝑁𝜋 scatterings



Thanks



Explain CPVs of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−

➢ 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~0

Δ𝛿𝑃−𝑤𝑎𝑣𝑒 = 𝛿𝑃𝐶2

𝑃−𝑤𝑎𝑣𝑒 − 𝛿𝑇
𝑃−𝑤𝑎𝑣𝑒~𝜋

different by 𝜋

Strong phases depending on:

• operators

• diagram

• non-perturbative LCDAs 
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Obsverables 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

𝐴𝐶𝑃
𝑑𝑖𝑟 ≈

𝑆 2

𝑆 2 + 𝑃 2
𝐴𝐶𝑃

𝑆 +
𝑃 2

𝑆 2 + 𝑃 2
𝐴𝐶𝑃

𝑃



CPVs of Λ𝑏 → 𝑝𝜋−, 𝑝𝐾−
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“…… the generally small CP asymmetries in beauty-baryon decays imply that the dynamics in 

baryon decays are more complicated than in meson decays. For instance, the CP asymmetries for 

various angular-momentum amplitudes of the same resonance may cancel 38 ……”

[LHCb, Nature (2025)]

38. Han, J,-J. et al. Establishing CP violation in b-baryon decays. Phys.Rev.Lett. 134, 221801 (2025).
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Λ𝑏 → 𝑝𝐾∗−LHCb, arXiv: 2508.17836

“…… The vanishing CP asymmetry observed for the Λ𝑏
0 → 𝑝𝐾𝑆

0𝜋− decay in the 𝐾∗ 892 − mass region, significantly smaller than the 

approximately 20% effect predicted by the GFA [24], the QCDF approach [25], and the LFQM approach [26], is in agreement with the 

hypothesis of a cancellation mechanism among the contributing partial waves, as proposed in Refs. [27,28] ……”



[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°

35

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]



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



Predict CPVs of Λ𝑏 → 𝑝𝜌−, 𝑝𝐾∗−
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Invariant

amplitudes

Partial wave

amplitudes

Helicity

amplitudes

[Koener,Kramer,1992]

[Cheng,1996]



2026/3/28 CP violation of Λ𝑏 decay in PQCD 41


	幻灯片 1
	幻灯片 2: Introduction  CPV in two-body decay  CPV in multi-body decay  Summary and outlook
	幻灯片 3: Standard Model
	幻灯片 4: CP violation
	幻灯片 5: Baryon CPV
	幻灯片 6: CP violation
	幻灯片 7
	幻灯片 8:   2.Two-body decays    
	幻灯片 9: Puzzle of b-baryon CPV
	幻灯片 10:  大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 11:  大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 12: Topological diagrams
	幻灯片 13: CPVs in PQCD
	幻灯片 14: Results of 大写 lambda 下标 b 渐近于 p pi ...次方 减 
	幻灯片 15: Obsverables of 大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 16:     3. Multi-body decays （汪建鹏）  
	幻灯片 17: Baryon CPV
	幻灯片 18
	幻灯片 19
	幻灯片 20
	幻灯片 21
	幻灯片 22
	幻灯片 23
	幻灯片 24:       4.Summary and outlook
	幻灯片 25: Summary
	幻灯片 26
	幻灯片 27: Explain CPVs of 大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 28
	幻灯片 29
	幻灯片 30: Obsverables of 大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 31
	幻灯片 32: CPVs of 大写 lambda 下标 b 渐近于 p pi ...次方 减 ,p 大写 K ...次方 减 
	幻灯片 33
	幻灯片 34
	幻灯片 35
	幻灯片 36: Results of 大写 lambda 下标 b 渐近于 p a. 下标 1,p 大写 K 下标 1
	幻灯片 37: Opportunities and puzzle
	幻灯片 38
	幻灯片 39
	幻灯片 40: Predict CPVs of 大写 lambda 下标 b 渐近于 p Rho ...次方 减 ,p 大写 K ...次方 停顿 星号运算符 减 结束 上标
	幻灯片 41

