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Motivation

Ø Matter-antimatter asymmetry in universe

Ø Sakharov three requirements:
• baryon number violation
• C and CP violation
• Out of thermal equilibrium

Ø CP violation in K-, B-, D-meson have been confirmed by B-factories and LHCb.

Ø However, CPV in baryons is not found experimentally by now. Evidence was 
reported by LHCb

Predict CPV in b-baryon decay
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Ø Planck Collaboration (2016)

Ø Sakharov (1967)

𝑎!"#$%&& Λ' → 𝑝𝜋(𝜋$𝜋$ = −0.7 ± 0.7 ± 0.2 % (2.9𝜎) Ø LHCb (2020)



Motivation

Ø Direct CPV requires two kinds of decay amplitudes with different weak 
phases and different strong phases.

• Naïve factorization approach

𝜋!𝜋"|𝐻#$$|𝐵 = 𝑎% 𝜋|𝑉 − 𝐴|0 𝜋|𝑉 − 𝐴|𝐵 = 𝐶& +
𝐶%
3 𝑓'𝐹(→'

• The non-factorizable contribution are not predictable.
• Annihilation diagrams are difficult to calculate.
• Strong phase can not be evaluated well.

• QCD factorization

𝜋!𝜋"|𝐻#$$|𝐵 = 𝜋|𝑗%|0 𝜋|𝑗&|𝐵 [1 +3𝑟*𝛼+* + 𝒪(
Λ,-.
𝑚/

)]

• Strong phase of QCDF comes from loop diagram, small due to 𝛼+
suppress. Thus CPV is small.

• Annihilation diagrams are not calculable, being free parameters.

PQCD to predict CPV in B meson
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Motivation

Ø Annihilation diagrams can be evaluated well in PQCD.
Ø This type of annihilation diagrams are not suppressed, but have large 

contributions to CP asymmetry (>20%).

PQCD to predict CPV in B meson

2021/7/12 Form factors of Λ! → 𝑝 in PQCD 6

Direct CPV(%) FA BBNS PQCD exp.

𝐵 → 𝜋(𝜋$ −5 ± 3 −6 ± 12 +30 ± 20 +32 ± 4
𝐵 → 𝐾(𝜋$ +10 ± 3 +5 ± 9 −17 ± 5 −8.3 ± 0.4



Motivation

Ø W-exchange diagrams (E) *36

Ø Bow-tie diagrams (B) *36

Ø Penguin annihilation (P) *36

Ø Three-gluon vertex diagrams (G) *20

Ø Unlike meson decay, annihilation diagrams of Λ/ decay are not color-
suppressed.

W-exchange/annihilation diagrams in Λ! → 𝑝𝜋
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Ø Cai-Dian Lu, Yu-Ming Wang, Hao zou (2009)



Motivation
Ø Advantages of research of Λ/ decay:

• Large experiment data in LHCb.
• Easy to construct vast observables.
• Receive enhancement compared with meson decay.

Ø Difficulty in research of Λ/ decay:
• Complex dynamics, large non-perturbative (soft) uncertainty.
• One more gluon attached to spectator quark in PQCD.

Ø Current situation of PQCD calculation for Λ/ decay:
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ØNsiang-Nan Li, (1993), Sudakov suppression and the proton form factors

ØB.Kundu, Nsiang-Nan Li, et,al. (1999), The perturbative proton form-factor reexamined

ØH.H.Shih, S.C.Lee, Hsiang-Nan Li, (1998), The 𝚲𝐛 → 𝒑𝒍𝝂 decay in PQCD

ØH.H.Shih, S.C.Lee, Hsiang-Nan Li, (1999), Applicability of PQCD to 𝚲𝐛 → 𝚲𝐜 decays

ØC.H.Chou, H.H.Shih, S.C.Lee, Nsiang-Nan Li, (2002), 𝚲𝐛 → 𝚲𝐉/𝝍 decay in PQCD

Ø P.Guo, H.W.K, Yu-Ming Wang, et.al. (2007), Diquarks and semi-leptonic decay of 𝚲𝐛 in the hybrid scheme

ØCai-Dian Lv, Yu-Ming Wang, Hao Zou, (2009), 𝚲𝐛 → 𝒑𝝅, 𝒑𝑲 decays in PQCD



Motivation

Ø Current situation of form factors of Λ/ → 𝑝

Ø Factorizable and non-factorizable contributions to coefficients 𝑓% and 𝑓& in 
Λ/ → 𝑝𝜋

PQCD calculation for Λ! decay
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Ø R.Mohanta, A.K.Giri, M.P.Khanna (2001)
Ø Yu-Ming Wang, Yue-Long Shen, Cai-Dian Lu (2009)
Ø A.Khodjamirian, C.Klein, T.Mannel, Yu-Ming Wang (2011)

Ø Ming-Qiu Huang, Dao-Wei Wang (2004)

Ø Chao-Shang Huang, Cong-Feng Qiao, Hua-Gang Yan (1998)

Ø W.Detmold, C.Lehner, S.Meinel (2015)
Ø Cai-Dian Lu, Yu-Ming Wang, Hao zou (2009)

Ø Cai-Dian Lu, Yu-Ming Wang, Hao zou (2009)



Motivation
Form factors of Λ! → 𝑝 in PQCD
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Ø How to improve calculation of Λ/ → 𝑝 form factors?
• Hare scattering kernel?
• Different scale choose?
• Sudakov factors?
• High twist light-cone distribution amplitudes?
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Ø How to improve calculation of Λ/ → 𝑝 form factors?
• Hare scattering kernel?
• Different scale choose?
• Sudakov factors?
• Including high twist light-cone distribution amplitudes.
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Framework

Ø For the Λ/ → 𝑝 transition, the hadronic matrix is

Ø Parameterization of this hadronic matrix

Parameterization of form factors
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Framework

Ø Based on 𝑘0 factorization, the PQCD approach provides a framework 
applied to hard exclusive processes.
• deal with processes involving different energy scales.

Ø Hard gluons:
• is essential to ensure the applicability of the twist expansion.
• phenomenological, is necessary to construct final state hadrons.

Ø Soft contributions are expected to be less important owing to the 
suppression by the Sudakov factor.

A brief review of PQCD approach
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Framework

Ø Transition form factor can be expressed as the convolution of hadronic wave 
functions 𝜓1)、𝜓2 and the hard-scattering amplitude 𝑇3

Ø Transforms to the impact parameter 𝑏 space, Performing the resummation
of double logarithms leads to Sudakov factors

A brief review of PQCD approach
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Framework

Ø Collecting everything together, we arrive at the typical expression for the 
factorization formula of the form factor in the PQCD approach .

A brief review of PQCD approach
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Framework
Diagrams for Λ! → 𝑝 under PQCD
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Framework

Ø In Λ/ rest frame.

Ø The momentum of the Λ/ is 𝑝 = (𝑝!, 𝑝", 𝟎) with 𝑝! = 𝑝" = 𝑀1)/ 2
Ø The proton recoils in the plus direction and the momentum is defined as 
𝑝4 = 𝑀1)/ 2(𝜂%, 𝜂&, 𝟎), the momentum tranfer 𝑞 = 𝑀1)/ 2(1 − 𝜂%, 1 −
𝜂&, 𝟎)

Ø For 𝑞& = 0, 𝜂% = 1 and 𝜂& =
5*+

6,)
+

kinematics
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LCDAs of baryons

Ø Λ/ wave function

Ø By using Bargmann-Wigner equation in the heavy quark limit, the light-cone 
hadronic matrix element can be simplified as

Ø A simple model for Λ/ LCDA Ψ(𝑘7 , 𝜇)

Ø Normalization condition

Λ! wave function
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Ø F.Hussain, J.G.Korner, M.Kramer, G.Thompson (1991)

Ø F.Schlumpf (1992)

Simplified Λ/ LCDA



LCDAs of baryons

Ø introduce the general light-cone hadronic matrix element of Λ/ baryon

Ø performing the Fourier transformation and including the NLO terms off the 
light-cone leads to the momentum space light-cone projector

Λ! wave function

2021/7/12 Form factors of Λ! → 𝑝 in PQCD 23

Ø P.Ball, V.M.Braun, E.Gardi (2008)
Ø G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)
Ø Yu-Ming Wang, Yue-Long Shen (2016)
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Ø performing the Fourier transformation and including the NLO terms off the 
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Λ! wave function
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Ø P.Ball, V.M.Braun, E.Gardi (2008)
Ø G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)
Ø Yu-Ming Wang, Yue-Long Shen (2016)

General Λ/ LCDA



LCDAs of baryons

Ø LCDAs expanded by Gegenbauer polynomial (Gegenbauer-1 model)

Ø LCDAs expanded by Gegenbauer polynomial (Gegenbauer-2 model)

Λ! LCDAs
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Ø P.Ball, V.M.Braun, E.Gardi (2008)

Ø A.Ali, C.Hambrock, A.Y.Parkhomenko (2012)



LCDAs of baryons

Ø LCDAs constructed by exponential ansatz (Exponential model)

Ø LCDAs constructed by exponential ansatz (Free parton model)

Λ! LCDAs

2021/7/12 Form factors of Λ! → 𝑝 in PQCD 26

Ø G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)

Ø G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)



LCDAs of baryons
Proton wave function
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Ø V.M.Braun, R.J.Fries, N.Mahnke, E.Stein (2001)



LCDAs of baryons
Proton wave function
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Numerical Results

Ø Simplified Λ; wave function + general proton wave function are 
used.
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Numerical Results
General Λ! + general proton
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Numerical results
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Numerical Results
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LCDAs of Λ' in exponential model

= ∫ 𝑑𝑥 𝑑𝑏 ⋅ 𝜙#" ⋅ 𝑇$ ⋅ 𝜙%
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Proton twist-4

Proton twist-5



Numerical Results

Ø Fit the form factors by dipole formula
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Numerical Results
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Numerical Results
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Ø R.Dutta (2016)



Numerical Results
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Numerical Results
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Numerical Results
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Numerical Results

2021/7/12 Form factors of Λ! → 𝑝 in PQCD 41



Outline

ØMotivation

ØFramework of PQCD

ØHigh twist LCDAs of baryons

ØNumerical results

ØDiscussion and conclusion



Conclusion
Ø Contributions from high twist LCDAs are dominant in Λ" → 𝑝 form factors.

Ø Contributions from different twist depend highly on the form of hard-scattering 
functions and end-point behavior of LCDAs.

Ø LCDAs of Λ" expanded with Gegenbauer polynomial should be taken seriously

Ø The total form factors in this work are consistent with that from approaches.

Ø Our results suffer from large uncertainties due to non-perturbative inputs of baryons 
LCDAs

Outlook:
Ø CPV in b-baryon two-body decay
Ø Including TMD LCDAs
Ø Improve PQCD Framework (Sudakov factors, prove of factorization in baryon 

decay, …)
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