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Why baryon physics?

Form factors of Λ! → 𝑝

Establish CPV of Λ! decays

Summary



Why baryon physics

Ø Heavy flavor physics
• heavy flavor physics has achieved great progress in heavy meson systems,
• CKM mechanism has been established for CPV in B meson decays,
• however, studies on heavy flavor baryon are limited.

Ø CP violation in baryon
• Sakharov conditions for Baryogenesis:

• CPV well established in K, B and D mesons, but CPV never established in baryon,
• comparison between prediction and measurement is helpful to test SM and search NP.
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more is different

baryon number violation C and CP violation out of thermal equilibrium



Opportunities

Ø Hyperon CPV:

Ø charm baryon CPV:

Ø beauty hadron ∼ 10% due to large weak phase difference

Ø LHCb is a baryon factory !

Ø Precision of b-baryon CPV measurement reached of order 1%

Ø non-zero polarization, more observables
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𝐴!"# Λ → 𝑝𝜋$ = −0.002 ± 0.004(BESIII,2019)       v.s.     𝒪(10$% ∼ 10$&)(theory)

A!" Λ' → 𝑝𝐾(𝐾$/𝑝𝜋(𝜋$ = 0.003 ± 0.011(LHCb,2018)       v.s.     𝒪(10$))(theory)

𝐴!" 𝐵* → 𝐾(𝜋$ = −8.34 ± 0.32 % 𝐴!" 𝐵+* → 𝐾$𝜋( = 22.4 ± 1.2 %(PDG2022)

𝑁,!
𝑁-
*,$ ∼ 0.5 𝑁,! ∼ 10/0(LHCb,2012)

𝐴!" Λ1 → 𝑝𝜋$ = −3.5 ± 1.7 ± 2.0 %
𝐴!" Λ1 → 𝑝𝐾$ = −2.0 ± 1.3 ± 1.0 %(LHCb,2018)

evidence for CPV at 3.3𝜎 is found 
in Λ1 → 𝑝𝜋$𝜋(𝜋$ at LHCb,2017



Challenges
Ø why CPVs of Λ1 → 𝑝𝜋, 𝑝𝐾 are small ?

Ø QCD dynamics for baryon are different
• non-zero spin/polarization
• one more energetic quark, one more hard gluon
• power counting of baryon is different from meson

Ø QCD studies on baryon are limited
• GFA (Hsiao,Yao,Geng,2017; Liu,Geng,2021)
• QCDF (Zhu,Ke,Wei,2016,2018)
• PQCD (Lü,Wang,Zou,Ali,Kramer,2009; Zhou,et.al.,2022~2023)
• quark model(Geng,Liu,Tsai,et.al.,2019~2022)
• Light-cone Sum rule (Jiang,Cheng,Khodjamirian,Yu, in progress)
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Exp.
GFA

(Hsiao,Yao,Geng,
2017)

QCDF
(Zhu,Ke,Wei,

2018)

PQCD(hybrid)
(Lü,Wang,et.al.,

2009)

LFQM
(Geng,Liu,Tsai,

2021)

LCSR
(Jiang,et.al.,

2022)

𝐵𝑟 Λ → 𝑝𝜋! ×10!" 4.5 ± 0.8 4.25!#.%&'#.(% 4.3!%.#)'%.*+ 5.21!#.),'*.(+ 4.18 ± 0.34 5.94

𝐵𝑟 Λ → 𝑝𝐾! ×10!" 5.4 ± 1.0 4.49!%.+&'#.%" 2.17!%.(+'%.)- 2.02!#.*&'%.)" 5.76 ± 0.91 6.50

𝐴./ Λ0 → 𝑝𝜋! % −2.5 ± 2.9 −3.9 ± 0.4 −3.4 ± 0.4 −31!#'(* −3.6 ± 0.20 −1.8

𝐴./ Λ0 → 𝑝𝐾! % −2.5 ± 2.2 6.7 ± 0.4 10.1 ± 2.0 −5!&'*" 6.36 ± 0.28 −0.1



Ø PQCD has successfully predicted B meson CPV

Ø PQCD for b-baryon CPV
• Lü,Wang,Zou,Ali,Kramer,2009

• W-external emission diagram (T)

• form factor 𝑁 𝑝&, 𝑠& 3𝑢𝛾'𝑏 Λ! 𝑝, 𝑠 = 8𝑁 𝑝&, 𝑠& 𝑔$𝛾' + 𝑖𝑔(𝜎')𝑞) + 𝑔*𝑞' 𝛬!(𝑝, 𝑠)

PQCD approach
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𝐶++ 𝐵 → 𝜋,𝜋" % 𝐴-. 𝐵 → 𝐾,𝜋" %
∼ −40(Lü,Ukai,Yang,2000) ∼ −18(Keum,Li,Sanda,2000)

−12.8"*.(0,*.12(Chai,Cheng,Ju,Yan, Lü,Xiao,2022) −5.43"(.*1,(.(3(Chai,Cheng,Ju,Yan, Lü,Xiao,2022)

−31.4 ± 3(PDG) −8.31 ± 0.31(PDG)

Lü,Wang,Zou,Ali,Kramer,2009



Λ> → 𝑝 form factors
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𝑁 𝑝2, 𝑠2 @𝑢𝛾3 1 − 𝛾% 𝑏 Λ1 𝑝, 𝑠 = D𝑁 𝑝2, 𝑠2 𝑓/𝛾3 − 𝑖𝑓0𝜎34𝑞4 + 𝑓)𝑞3 Λ5(p, s)
−D𝑁 𝑝2, 𝑠2 𝑔/𝛾3 − 𝑖𝑔0𝜎34𝑞4 + 𝑔)𝑞3 𝛾%Λ5(p, s)

𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛

Λ!
Λ!
Λ!

Λ!

𝑓/

𝑟 =
𝑚6

𝑀,!

Λ! LCDA

J.J.Han,Y.Li,Y.L.Shen,H.n.Li,Z.J.Xiao,F.S.Yu, 
Eur.Phys.J.C 82(2022)8,686



Topological diagrams
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Feynman diagrams
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LCDA-Λ>
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Ø (LHCb,2212.12574) recently measured the branching fraction:

Ø This mode has only W-external emission diagram, used to determine the parameter 𝜔% = 0.7 ± 0.1𝐺𝑒𝑉

𝐵𝑟 Λ1 → 𝑝𝐷+$ = 12.6 ± 1.3 %



LCDA-proton
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LCDA-mesons
Ø 𝜋/𝐾

Ø 𝜌/𝐾∗
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LCDA-mesons
Ø 𝑎//𝐾/

Ø mixing angle 𝜃8" ∼ 30°/60°
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Results and CPV of
Λ! → 𝑝𝜋", 𝑝𝐾"
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CPV of Λ> → 𝑝𝜋T, 𝑝𝐾T
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CPV of Λ> → 𝑝𝜋T, 𝑝𝐾T
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PDG
GFA

(Hsiao,Yao,Geng,
2017)

QCDF
(Zhu,Ke,Wei,

2018)

PQCD(hybrid)
(Lü,Wang,et.al.,

2009)

LFQM
(Geng,Liu,Tsai,

2021)

LCSR
(Jiang,et.al.,

2022)

𝐵𝑟 Λ → 𝑝𝜋! ×10!" 4.5 ± 0.8 4.25!#.%&'#.(% 4.3!%.#)'%.*+ 5.21!#.),'*.(+ 4.18 ± 0.34 5.94

𝐵𝑟 Λ → 𝑝𝐾! ×10!" 5.4 ± 1.0 4.49!%.+&'#.%" 2.17!%.(+'%.)- 2.02!#.*&'%.)" 5.76 ± 0.91 6.50

𝐴./ Λ0 → 𝑝𝜋! % −2.5 ± 2.9 −3.9 ± 0.4 −3.4 ± 0.4 −31!#'(* −3.6 ± 0.20 −1.8

𝐴./ Λ0 → 𝑝𝐾! % −2.5 ± 2.2 6.7 ± 0.4 10.1 ± 2.0 −5!&'*" 6.36 ± 0.28 −0.1



Signs between S- and P-wave
Ø PQCD approach

Ø Resort to topological diagram
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Pion twist2 proton
twist3 twist4 twist5 twist6

Λ1 twist2 + - + -
Λ1 twist3 - + - +
Λ1 twist4 + - + -

Pion twist3 proton
twist3 twist4 twist5 twist6

Λ1 twist2 - + - +
Λ1 twist3 + - + -
Λ1 twist4 - + - +

Signs between S- and P-wave hard kernels

“+” means S- and P-wave have same signs
“-” means S- and P-wave have opposite signs
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Results and CPVs of
Λ! → 𝑝𝜌", 𝑝𝐾∗"



Results of Λ> → 𝑝𝜌T, 𝑝𝐾∗T
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Invariant
amplitudes

Partial wave
amplitudes

Helicity
amplitudes

Koener,Kramer,1992
Cheng,1996





Wang,Qin,Yu,in progress
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CPVs of Λ> → 𝑝𝜌T, 𝑝𝐾∗T
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Results and CPVs of 
Λ! → 𝑝𝑎$, 𝑝𝐾$ 1270 , 𝑝𝐾$(1400)



Results of Λ> → 𝑝𝑎V, 𝑝𝐾V
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Wang,Qin,Yu,in progress



𝜃8 ∼ 30°/60°

28/30
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Conclusion
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PQCD applied to baryon decays well

High power contributions are important in baryon

We strongly suggest to measure the 𝑎"#$% and direct CPV in Λ! → 𝑝𝐾𝜋𝜋, 𝑝𝜋𝜋𝜋 modes !

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

Cancellation of partial wave CPV is found, and tested in Λ1 decays

Small direct CPVs of Λ1 → 𝑝𝜋, 𝑝𝐾 are well explained

Our PQCD calculation have No conflict with known measurements

CPVs and asymmetry observables of Λ1 decays are proposed and predicted



Backup



Progresses

Ø Baryon is different !

Ø Factorization: heavy-to-light form factor is factorizable at leading power in SCET and no 
end-point singularity appears! (Wang,2011)

Ø However, the leading-power results is one order smaller
• Leading-power: 𝜉,!→, 0 = −0.012(Wang,2011)
• Total form factor: 𝜉,!→, 0 = 0.18(Shen,Wang,2016)

Ø Two hard gluons suppressed by 𝛼+0 at leading power, compared to the soft contribution in 
the power correction
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𝜉,!→, = 𝑓,!Φ,! 𝑥; ⊗ 𝐽 𝑥; , 𝑦; ⊗ f,Φ, y<



Λ> two-body decays
Λ1 → 𝑝𝑀=>?(𝑞 = 𝑑, 𝑠)
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Ø Collinear factorization, transverse momentum 𝑘@ is ignored

• endpoint singularity,  /
A# /$A$ B%

A#,$→*,/
∞

Ø PQCD approach, based on 𝑘@ factorization, retain transverse momentum 𝑘@
• propagators ∼ /

A# /$A$ B%( C#' %

• After resummation, Sudakov factors to suppress contribution from small 𝑘@

PQCD approach
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Factorization hypothesis:

Sterman,Hsiang-nan Li,1995~2000



Λ> → 𝑝 form factors
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𝑁 𝑝2, 𝑠2 @𝑢𝛾3 1 − 𝛾% 𝑏 Λ1 𝑝, 𝑠 = D𝑁 𝑝2, 𝑠2 𝑓/𝛾3 − 𝑖𝑓0𝜎34𝑞4 + 𝑓)𝑞3 Λ5(p, s)
−D𝑁 𝑝2, 𝑠2 𝑔/𝛾3 − 𝑖𝑔0𝜎34𝑞4 + 𝑔)𝑞3 𝛾%Λ5(p, s)

𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛 𝑝𝑟𝑜𝑡𝑜𝑛

Λ!
Λ!
Λ!

Λ!

𝑓/

J.J.Han,Y.Li,Y.L.Shen,H.n.Li,Z.J.Xiao,F.S.Yu, 
Eur.Phys.J.C 82(2022)8,686



Kinematics
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for 𝐵 and 𝐶2 diagrams

for 𝑇, 𝐸 and 𝑃 diagrams
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Error from MC integration

2024/10/27 CP violation of Λ! decay in PQCD 38

4.646 ± 0.058

−0.0511 ± 0.00333.962 ± 0.031

0.0397 ± 0.0026
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only use proton and Λ1
leading twist LCDA



Hard kernel only contain 
leading power of 𝑀,!
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