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Motivation

Ø Weak decays of heavy hadrons related tightly to SM, Researches on meson 
achieved fruitful results (QCDF, PQCD, SCET,……).

Ø CPV also plays an important role in evaluation of Universe.

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

Ø As the most important issue in flavor physics, CP violation only confirmed in 
K, B, D meson.

Ø Baryon physics has lots of opportunities not only theoretically, but 
experimentally.

Heavy baryon physics
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[Sakharov ,1967]

𝑎'()*+,, Λ- → 𝑝𝜋.𝜋*𝜋* = −0.7 ± 0.7 ± 0.2 %
𝐴'( Λ- → 𝑝𝜋* = −3.5 ± 1.7 ± 2.0 %, 𝐴'( Λ- → 𝑝𝐾* = −2.0 ± 1.3 ± 1.0 %

[Slide from FSY]2000 2010 2020

[LHCb,2018]



Motivation

Ø CPV can be predicted well in PQCD in B meson decays.

Ø W-exchange/annihilation diagrams are not suppressed, but have large contributions to CP asymmetry.

Ø More W-exchange diagrams included, PQCD is hopeful to predict correct CPV of b-baryon decays.

Ø The only prediction of b-baryon CPV by PQCD is given by [Lu, Wang, Zou, Ali, Kramer, 2009]

PQCD to predict CPV in B meson

2022/12/9 Two-body decays Λ! → 𝑝𝜋, 𝑝𝐾 in PQCD 4

[Keum, Li, Sanda, 2000] [Lu, Ukai, Yang, 2000]

Form factor 𝑓! Light-cone sum 
rule(2011)

Lattice(2015) PQCD(2009)
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Sildes from my report on HFCPV2021

One of diagrams for Λ! → 𝑝

One of diagrams for Λ! → 𝑝𝜋, 𝑝𝐾

= (
#

!
𝑑 𝑥 𝑑 𝑥) 𝑑𝑥*∫ 𝑑 𝒃 𝑑 𝒃) 𝑑𝒃* -𝜙+! 𝑥 , 𝒃 , 𝜇,

∗ 2𝑇- 𝑥 , 𝑥) , 𝒃 , 𝒃) ,
𝑄,

𝜇,
, 𝛼. 𝜇,

∗ -𝜙/ 𝑥) , 𝒃) , 𝜇, -𝜙0 𝑥* , 𝒃* , 𝜇, ∗ 𝑆1([𝑥], [𝑥)])



Results
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(Tree)  𝑉"!𝑉"#∗ ∼ 𝜆% (Penguin) 𝑉&!𝑉&#∗ ∼ 𝜆%
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Ø The same as hierarchies between topological diagrams of B meson decays [Cheng, Oh, 2011]

(Tree)  𝑉"!𝑉"'∗ ∼ 𝜆( (Penguin) 𝑉&!𝑉&'∗ ∼ 𝜆)
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Ø SU(3) breaking effects

Ø The SU(3) breaking effects are consistent with the B meson cases. [Cheng, Oh, 2011]

2022/12/9 Two-body decays Λ! → 𝑝𝜋, 𝑝𝐾 in PQCD 9



2022/12/9 Two-body decays Λ! → 𝑝𝜋, 𝑝𝐾 in PQCD 10



2022/12/9 Two-body decays Λ! → 𝑝𝜋, 𝑝𝐾 in PQCD 11



Summary

Ø Baryon physics have lots of opportunities.

Ø PQCD approach applies well to b-baryon decays.

Ø Contributions from high twist LCDAs are important.

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

Ø More researches of high-twist LCDAs of baryons are urgently needed
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backup
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A brief review of PQCD
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𝑀* 80𝐺𝑒𝑉 ≫ 𝑀! 5𝐺𝑒𝑉 ≫ 𝑀!Λ+,- 1.5𝐺𝑒𝑉 ≫ Λ+,-(0.5𝐺𝑒𝑉)

𝑀.→0 = 𝑀1 𝑀* , 𝜇1 ∗ 𝑀) 𝜇1, 𝑀! , 𝜇) ∗ 𝑀%(𝜇), Λ+,-)

Under collinear factorization：

𝑀 𝑄) = 9
2

1
𝑑𝑥1𝑑𝑥) 𝜙. 𝑥), 𝜇) ∗ 𝑇3 𝑥1, 𝑥),

𝑄)

𝜇) , 𝛼' 𝜇
) ∗ 𝜙0(𝑥1, 𝜇))

1、propagators ∼ 1
4!4"+"

→ ∞𝑤ℎ𝑒𝑛 𝑥 → 0
2、𝛼' 𝑥1𝑥)𝑄) → ∞𝑤ℎ𝑒𝑛 𝑥 → 0

𝑘) factorization：retain transverse momentum of parton，propagator ∼ /
020313.𝒌4

3

𝑀 𝑄3 = >
4

/
𝑑𝑥/𝑑𝑥3 ∫ 𝑑𝒌/)𝑑𝒌3)𝜙5 𝑥3, 𝒌3), 𝜇3 ∗ 𝑇6 𝑥/, 𝑥3, 𝒌3), 𝒌/),

𝑄3

𝜇3 , 𝛼7 𝜇
3 ∗ 𝜙8(𝑥/, 𝒌/), 𝜇3)



Ø Fourier tranfer over 𝑘)

Ø Resum double-log to get Sudakov factors

Ø PQCD in b-baryon two-body decays:
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𝑀 𝑄"

= <
#

$
𝑑𝑥$𝑑𝑥" ∫ 𝑑𝒌$%𝑑𝒌"%∫

𝑑𝒃$
2𝜋 "

𝑑𝒃$
2𝜋 " exp[−𝑖 𝑘$%𝑏$ + 𝑘"%𝑏" ]𝜙& 𝑥", 𝒌"%, 𝜇" ∗ 𝑇' 𝑥$, 𝑥", 𝒌"%, 𝒌$%,

𝑄"

𝜇"
, 𝛼( 𝜇" ∗ 𝜙)(𝑥$, 𝒌$%, 𝜇")

= <
#

$
𝑑𝑥$𝑑𝑥" ∫

𝑑𝒃$
2𝜋 "

𝑑𝒃$
2𝜋 " ∫ 𝑑𝒌$%𝑑𝒌"%exp[−𝑖 𝑘$%𝑏$ + 𝑘"%𝑏" ]𝜙& 𝑥", 𝒌"%, 𝜇" ∗ 𝑇' 𝑥$, 𝑥", 𝒌"%, 𝒌$%,

𝑄"

𝜇" , 𝛼( 𝜇
" ∗ 𝜙)(𝑥$, 𝒌$%, 𝜇")

= <
#

$
𝑑𝑥$𝑑𝑥" ∫ 𝑑𝒃$𝑑𝒃" S𝜙& 𝑥", 𝒃", 𝜇" ∗ T𝑇' 𝑥$, 𝑥", 𝒃", 𝒃$,

𝑄"

𝜇" , 𝛼( 𝜇
" ∗ S𝜙)(𝑥$, 𝒃$, 𝜇")

𝑀 𝑄, = (
#

!
𝑑𝑥!𝑑𝑥, ∫ 𝑑𝒃!𝑑𝒃, -𝜙5 𝑥,, 𝒃,, 𝜇, ∗ 2𝑇- 𝑥!, 𝑥,, 𝒃,, 𝒃!,

𝑄,

𝜇,
, 𝛼. 𝜇, ∗ -𝜙6 𝑥!, 𝒃!, 𝜇, ∗ 𝑆1(𝑥!, 𝑥,)

J𝜙8(𝑥/, 𝒃/, 𝜇3 = 𝜙8 𝑥/, 𝑏/ exp[−𝑆(𝜇, 𝑏/)]

[J.C.Collins, D.E.Soper 1981]
[H.N.Li 1998]
[H.N.Li 1999, 2002]

𝑀 = (
#

!
𝑑 𝑥 𝑑 𝑥) 𝑑𝑥*∫ 𝑑 𝒃 𝑑 𝒃) 𝑑𝒃* -𝜙+! 𝑥 , 𝒃 , 𝜇,

∗ 2𝑇- 𝑥 , 𝑥) , 𝒃 , 𝒃) ,
𝑄,

𝜇,
, 𝛼. 𝜇, ∗ -𝜙/ 𝑥) , 𝒃) , 𝜇, -𝜙0 𝑥* , 𝒃* , 𝜇, ∗ 𝑆1([𝑥], [𝑥)])



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

Ø G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)
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[P.Ball, V.M.Braun, E.Gardi (2008)]
[G.Bell, T.Feldmann, Yu-Ming Wang, M.W.Y.Yip (2013)]
[Yu-Ming Wang, Yue-Long Shen (2016)]

ΛJ LCDA



LCDAs of baryons
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[V.M.Braun, R.J.Fries, N.Mahnke, E.Stein (2001)]Proton LCDA
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Light meson LCDA Ø Ball, 2005, 2006



Topologies of Λ! → 𝑝𝜋, 𝑝𝐾
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Feynman diagrams E" topology
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