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• Why baryon physics? Opportunities of baryon physics
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• Prospects: LCDA and others

• Summary
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Sorry for not covering all the recent progresses due to the limited time.



Baryon physics 

•The visible matter of the Universe is mainly made of baryons.

•Baryons play an important role in the evolution of the Universe, 
such as baryogenesis and big-bang nucleosythesis. 
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CP violation in baryons
• Sakharov conditions for Baryogenesis:  

1) baryon number violation 
2) C and CP violation 
3) out of thermal equilibrium 

• CPV:   SM < BAU.  => new source of CPV, NP   

• CPV is the most important issue in heavy flavor physics


• CPV well established in K, B and D mesons,                 
but CPV never established in any baryon 

• Key goal is to predict and search for baryon CPV
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Experimental opportunities

• LHCb is a baryon factory !!
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Experimental opportunities

• LHCb is a baryon factory !!

•CPV evidence:  in   [LHCb, Nature Physics 2017]3σ Λ0
b → pπ−π+π−

•Precision of baryon CPV measurements has reached to the order of 1% [LHCb, PLB2018]

ACP(Λ0
b → pπ−) = (−3.5 ± 1.7 ± 2.0) % , ACP(Λ0

b → pK−) = (−2.0 ± 1.3 ± 1.0) %
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b → pπ−) = (−3.5 ± 1.7 ± 2.0) % , ACP(Λ0

b → pK−) = (−2.0 ± 1.3 ± 1.0) %

•CPV in some B-meson decays are as large as 10%: 

ACP(B0 → π+π−) = − 0.32 ± 0.04, ACP(B0 → K−π+) = − 0.084 ± 0.004, ACP(B0
s → K+π−) = + 0.213 ± 0.017

•It can be expected that CPV in b-baryons might be observed soon !!
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Experimental opportunities

• LHCb is a baryon factory !!

•CPV evidence:  in   [LHCb, Nature Physics 2017]3σ Λ0
b → pπ−π+π−

•Precision of baryon CPV measurements has reached to the order of 1% [LHCb, PLB2018]

ACP(Λ0
b → pπ−) = (−3.5 ± 1.7 ± 2.0) % , ACP(Λ0

b → pK−) = (−2.0 ± 1.3 ± 1.0) %

•CPV in some B-meson decays are as large as 10%: 

ACP(B0 → π+π−) = − 0.32 ± 0.04, ACP(B0 → K−π+) = − 0.084 ± 0.004, ACP(B0
s → K+π−) = + 0.213 ± 0.017

•It can be expected that CPV in b-baryons might be observed soon !!

•Theoretical precision is required to be improved.
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Theoretical opportunities
•Baryons are very different from mesons!!

•Factorization: Heavy-to-light form factor is factorizable at leading power in SCET.  
No end-point singularity! [Wei Wang, 1112.0237] Taking  as an example,Λb → Λ
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Theoretical opportunities
•Baryons are very different from mesons!!

•Factorization: Heavy-to-light form factor is factorizable at leading power in SCET.  
No end-point singularity! [Wei Wang, 1112.0237] Taking  as an example,Λb → Λ

•However, the leading-power result is one order of magnitude smaller than the total one

•Leading power:     [W.Wang, 2011]ξΛ(0) = − 0.012
•Total form factor:         [Y.L.Shen, Y.M.Wang, 2016]ξΛ(0) = 0.18

•Two hard gluons suppressed by  at the leading power.  
Compared to the soft contributions in the power corrections.  

α2
s

•More is different!!
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•Generalized factorization: Not QCD-inspired. No W-exchange diagrams.   

•QCDF: Diquark approximation. No hard spectator effects. No W-exchange diagrams


•PQCD: Not consistent with data. 


•Currently, no complete QCD-inspired method for non-leptonic b-baryon decays
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Recent Progresses: 
(1) PQCD and (2) LCSR



Theoretical progresses: PQCD
•PQCD successfully predicted correct CPV in B meson decays [Keum, Li, Sanda, 2000; Lu, Ukai, Yang, 2000]. 

• It is hopeful to predict correct CPV of b-baryons. W-exchange diagrams included.
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• It is hopeful to predict correct CPV of b-baryons. W-exchange diagrams included.

•The only prediction of b-baryon CPV by PQCD is given in [C.D.Lu, Y.M.Wang, H.Zou, Ali, Kramer, 2009]

•However, the form factors are two orders of magnitude smaller than Lattice or sum rules
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Theoretical progresses: PQCD
•PQCD successfully predicted correct CPV in B meson decays [Keum, Li, Sanda, 2000; Lu, Ukai, Yang, 2000]. 

• It is hopeful to predict correct CPV of b-baryons. W-exchange diagrams included.

•The only prediction of b-baryon CPV by PQCD is given in [C.D.Lu, Y.M.Wang, H.Zou, Ali, Kramer, 2009]

•However, the form factors are two orders of magnitude smaller than Lattice or sum rules

•Only the leading twist of light-cone distribution amplitudes (LCDAs) were considered.

•Recall that leading power is suppressed, so sub-leading power would be dominated.

•Consider higher twist LCDAs!!
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H.n.Li, 1999; C.D.Lu, Y.M.Wang, H.Zou, Ali, Kramer, 2009



J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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Theoretical progresses: PQCD

•Higher twist LCDAs contribute to the correct order of form factors. 



J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804

•High-twist LCDA dominant: twist-5 of proton + twist-4 of Λb
•Consistent with the power analysis by SCET.
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J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804

•High-twist LCDA dominant: twist-5 of proton + twist-4 of Λb
•Consistent with the power analysis by SCET.
•Safely twist expansion. Twist-6 of proton is highly suppressed. 
•Perturbation protected. Results are given with 1GeV.μ ≥
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•The reports of referee of EPJC: “The calculation is a highly technical and 
serious task. The study is comprehensive and original. This research results 
not only provide a good and practicable explanation for the long-standing 
unresolved discrepancies in baryonic transition form factors between PQCD and 
Lattice QCD calculations, but also deepen our understandings on the specific 
contributions of higher twist hadronic LCDAs.”
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Theoretical progresses: PQCD
J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804



J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, in preparation

•It can be expected that PQCD can predict CPV of b-baryons 
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Non-leptonic baryon decays in PQCD

Lu, Wang, Zou, Ali, Kramer, 2009
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Non-leptonic baryon decays in PQCD

Lu, Wang, Zou, Ali, Kramer, 2009

•  and  are recently studied in PQCD [Zhou Rui, C.Q.Zhang, 
J.M.Li, M.K.Jia, 2202.09181, 2206.04501]
Λb → Λcπ, ΛcK Λb → ΛJ/Ψ
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Theoretical progresses: LCSR
•Two-body hadronic decays of  are studied firstly in LCSRs  
[H.Y.Jiang, Khodjamirian, FSY, S.Cheng, in preparation]

Λb → pπ, pK

•LCSR has been studied in  [Khodjamirian, 2001, 2003, 2005] 
and applied to predict CPV of D meson decays [Khodjamirian, 2017]

B → ππ



14

Theoretical progresses: LCSR
•Two-body hadronic decays of  are studied firstly in LCSRs  
[H.Y.Jiang, Khodjamirian, FSY, S.Cheng, in preparation]

Λb → pπ, pK

•LCSR has been studied in  [Khodjamirian, 2001, 2003, 2005] 
and applied to predict CPV of D meson decays [Khodjamirian, 2017]

B → ππ

•It overcomes the difficulty of calculation on W-exchange diagrams in QCDF.

Three-point correlator scheme Two-point correlator scheme
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Theoretical progresses: LCSR

•Two-body hadronic decays of b-baryons are 
studied firstly in LCSRs  
[H.Y.Jiang, Khodjamirian, FSY, S.Cheng, in 
preparation]

•The full framework has been well established. 

•Two-point correlators can be easily calculated, 
to cross check the 3-point results, and to be 
extended to NLO corrections.  

•The preliminary numerical results are consistent 
with data.



Prospects: 
LCDA and others



• Nucleons, hyperons, octet and decuplet states, excited states

• Motivation: Limited knowledge for nucleons. VERY very limited for all the 
others, especially for HIGH TWISTs.  

• Non-perturbative methods: LaMET and Lattice QCD, Dyson-Schwinger 
equation, Light-Front Quantization, QCD sum rules

• b-baryon

• Motivation: Very model-dependent. Very large uncertainties of parameters. 

• Methods: QCD sum rules, phenomenologies. 

• Higher twists. Evolutions. 

17

Prospects: LCDA



• Non-leptonic decays
• PQCD: threshold Sudakov factor, factorization 
• Power counting under SCET
• More processes for predictions on baryon CPV

• Form factors: tree and FCNC
• More precise: many methods like LQCD, LCSR, SCET, DSE, LCQM.
• More processes: higher excited states.

• CPV observables, polarizations and angular distributions
• T-odd observables, Lee-Yang parameters 

• Inclusive decays and Lifetimes
• b-baryons, charmed baryons

α, β, γ
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Prospects: others

See Wei Wang’s, Yu-Shuai Li’s talk



Summary and outlook
• Baryon physics is an opportunity of heavy flavor physics 
at the current stage.  
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Backups



Baryon physics 

•However, our knowledge on the basic nucleon are even limited.

•The mass and spin puzzles of proton are among the most 
important problems in physics. 

•Related to the inner structures and perturbative and non-
perturbative QCD dynamics.
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Experimental opportunities

• LHCb is a baryon factory !!

22

fΛb

fu,d
∼ 0.5Large Production:

NΛb

NB0(−)
∼ 0.5



Experimental opportunities

• LHCb is a baryon factory !!

22

fΛb

fu,d
∼ 0.5Large Production:

NΛb

NB0(−)
∼ 0.5

2011 2012 2018 2023 2029 2035

LHCb Run I Run II Run III Run IV Run V
Integrated 
luminosity 1 fb-1 3 fb-1 9 fb-1 23 fb-1 50 fb-1 300 fb-1



Experimental opportunities

• LHCb is a baryon factory !!
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fΛb

fu,d
∼ 0.5Large Production:

NΛb

NB0(−)
∼ 0.5

2011 2012 2018 2023 2029 2035

LHCb Run I Run II Run III Run IV Run V
Integrated 
luminosity 1 fb-1 3 fb-1 9 fb-1 23 fb-1 50 fb-1 300 fb-1

• BESIII and Belle II have fruitful results on charmed baryons and hyperons
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Theoretical challenges



•Motivation is to predict CPV. QCD studies on non-leptonic baryon decays are limited

•Generalized factorization [Y.K.Hsiao, C.Q.Geng, 2015; Liu, C.Q.Geng, 2021]:  

Advantages: Easily extended to more decay channels, and multi-body decays. 

Disadvantages: Not QCD-inspired. No W-exchange diagrams.  
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•Motivation is to predict CPV. QCD studies on non-leptonic baryon decays are limited

•Generalized factorization [Y.K.Hsiao, C.Q.Geng, 2015; Liu, C.Q.Geng, 2021]:  

Advantages: Easily extended to more decay channels, and multi-body decays. 

Disadvantages: Not QCD-inspired. No W-exchange diagrams.  
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Theoretical challenges

LHCb:  CPV,  Nature Physics 2017Λ0
b → pπ+π−π−, 3σ



•Generalized factorization: Not QCD-inspired. No W-exchange diagrams.   

•QCDF [J.Zhu, H.W.Ke, Z.T.Wei, 2016, 2018]:  
Advantages: QCD inspired. Collinear factorization.  
Disadvantages: Diquark approximation. No hard spectator effects and W-exchange diagrams
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Theoretical challenges
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•Generalized factorization: Not QCD-inspired. No W-exchange diagrams.  

•QCDF: Diquark approximation. No hard spectator effects. No W-exchange diagrams

•PQCD [C.D.Lu, Y.M.Wang, H.Zou, A.Ali, Kramer, 2009]:

•Advantages: QCD inspired.  factorization. All contributions included in principle.kT
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•Generalized factorization: Not QCD-inspired. No W-exchange diagrams.  

•QCDF: Diquark approximation. No hard spectator effects. No W-exchange diagrams

•PQCD [C.D.Lu, Y.M.Wang, H.Zou, A.Ali, Kramer, 2009]:

•Advantages: QCD inspired.  factorization. All contributions included in principle.kT

•Disadvantages: not consistent with data. 
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Theoretical challenges
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Theoretical challenges
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•Topological diagrams of non-leptonic decays: more diagrams than mesons.

•More non-factorizable diagrams: C’, E1, E2, B. They are challenging in theory. 

Leibovich, Ligeti, Stewart, Wise, 2004Λb → Λcπ

•Annihilation-type diagrams contribute significantly to strong phases of CPV in B 
meson decays. To precisely predict CPV, W-exchange diagrams have to be calculated 



Theoretical progresses: PQCD
•PQCD successfully predicted correct CPV in B meson decays [Keum, Li, Sanda, 2000; Lu, Ukai, Yang, 2000]. 


• It is hopeful to predict correct CPV of b-baryons. W-exchange diagrams included.


•The only prediction of b-baryon CPV by PQCD is given for  in [C.D.Lu, 
Y.M.Wang, H.Zou, Ali, Kramer, 2009]

Λb → pπ, pK
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Λb → pπ, pK
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H.n.Li, 1999; C.D.Lu, Y.M.Wang, H.Zou, Ali, Kramer, 2009
Detmold, Lehner, Meinel, 2015



Form Factors
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J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804
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•High-twist LCDA dominant: twist-5 of proton + twist-4 of Λb

30

proton

Λb

Theoretical progresses: PQCD



J.J.Han, Y.Li, H.n.Li, Y.L.Shen, Z.J.Xiao, FSY, 2202.04804

•High-twist LCDA dominant: twist-5 of proton + twist-4 of Λb
•Consistent with the power analysis by SCET.
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•High-twist LCDA dominant: twist-5 of proton + twist-4 of Λb
•Consistent with the power analysis by SCET.
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Theoretical progresses: PQCD

x1 → 1, x2,3 → 0
 LCDAsΛb



• Light-cone distribution amplitudes (LCDA) are fundamental structures of hadrons. 

• LCDAs are important in the factorization—PQCD, LCSR, SCET, QCDF…

• LCDAs are non-perturbative quantities, thus difficult for predictions.

• LCDAs of b-baryons and light baryons are much less known

• They are however important inputs in the calculations. 

• So they dominate the theoretical uncertainties. 

• The errors in each method are large. 

• The differences between different methods are large.

• Theoretical efforts are urgently required. 
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Prospects: LCDAs



•Heavy-to-light form factors have been systematically studied in the light-cone sum rules (LCSR)
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Theoretical progresses: LCSR

✓Next-to-leading order corrections [Y.M.Wang, Y.L.Shen, 2016]
✓LCDAs of heavy baryons [Bell, Feldman, Y.M.Wang, Yip, 2013]
✓  transitions [K.S.Huang, W.Liu, Y.L.Shen, FSY, 2205.06095]Λb → p, N*

•Test three interpolating currents

•Test five models of  LCDAsΛb
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Theoretical progresses: LCSR
• Ioffe and tensor currents are preferred for proton
•  LCDA models of QCDSR, exponential, and free-parton 
are preferred. 

•  are helpful to distinguish them.

Λb

Λb → N*Λb → p

Λb → N*

[K.S.Huang, W.Liu, Y.L.Shen, FSY, 2205.06095]



Light-Cone Distribution Amplitudes: Λb
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Light-Cone Distribution Amplitudes: Λb

Model-I: Gegenbauer-1

Ball, Braun, Gardi, 0804.2424, PLB 2008

Ali, Hambrock, Parkhomenko, W.Wang, 2012 

Model-II: Gegenbauer-2
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Light-Cone Distribution Amplitudes: Λb

Model-III: Exponential

Bell, Feldmann, Y.M.Wang, Yip, 1308.6114, JHEP2013

Model-IV: Free Parton
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Light-Cone Distribution Amplitudes: proton

Braun, Fries, Mahnke, Stein, 
hep-ph/0007279, NPB 2000 
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Light-Cone Distribution Amplitudes: proton
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Light-Cone Distribution Amplitudes: proton
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Parameters of LCDAs of proton

thanks to K.S.Huang
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