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What are weak radiative hyperon decays 

5

Weak radiative hyperon decays (WRHDs) are interesting physical

processes involving the electromagnetic, weak, and strong

interactions

 𝒔 → 𝒅 𝜸 transitions at the quark level

 Six WRHDs channels of the ground-state octet baryons



Weak decays of hyperons: related to various processes
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Weak radiative 
hyperon decays
(WRHDs): (𝑩𝒊→ 𝑩𝒇 𝜸)

✓ WRHDs puzzle

Rare semi-leptonic 
decays of hyperons:
⚫ 𝑩𝒊 → 𝑩𝒇𝜸

∗ → 𝑩𝒇𝒍 𝒍

and 𝑩𝒊 → 𝑩𝒇𝝂ഥ𝝂

New physics (NP)
⚫ 𝑩𝒊 → 𝑩𝒇𝒍𝝂

NP and 𝑽𝒖𝒔

Non-leptonic decays
of hyperons: (𝑩𝒊→ 𝑩𝒇 𝝅)

✓ S/P puzzle
✓ CP violation

InputsInputs



What are weak radiative hyperon decays 
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 The effective Lagrangian describing the 𝐵𝑖 → 𝐵𝑓 𝛾 WRHDs

a: partity-conserving amplitude b: partity-violating amplitude

Only two observables for the WRHDs

𝜶𝜸:  asymmetry parameter  

𝜽:  angle between spin of the initial baryon 𝑩𝒊 and 3-momentum  𝒌 of the final baryon 𝑩𝒇
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 Based on gauge invariance, CP conservation, and U-spin symmetry

 Hara’s theorem dictates that the WRHDs 𝐵 → 𝐵′𝛾 and 𝐵′ → 𝐵𝛾 must 
be identical under the U-spin transformation 𝑠 ⟺ 𝑑

leads to 

Why study WRHDs: the WRHDs puzzle
Hara’s theorem Y. Hara, PRL12, 378 (1964)

𝑏 = −𝑏, i. e., 𝑏 = 0



Why study WRHDs: the WRHDs puzzle
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Why study WRHDs: the WRHDs puzzle
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 The  𝛴+ → 𝑝 𝛾 asymmetry parameter remains large and negative: 
−0.652±0.056stat±0.020syst.

 Although some predictions agree with the measured large asymmetry of the 𝛴+

→ 𝑝 𝛾 decay, they explain poorly the data of other WRHDs (as shown later)



Why study WRHDs： experimentally challenging 
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 Significant changes in the asymmetry parameters of Ξ0 → Σ0 𝛾 and Ξ0 → Λ 𝛾

Fermilab (1990) NA48 (2004) NA48/1 (2010)

Fermilab (1989) KTeV (2000) NA48/1 (2010)



Why study WRHDs--𝚲 → 𝒏𝜸
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New BESIII measurement for the 𝛬 → 𝑛 𝛾 decay (PRL129(2022)21,212002)

➢ The branching fraction is only about one half of the current PDG average
➢ The asymmetry parameter 𝜶𝜸 is determined for the first time

PDG2022



Why study WRHDs—𝚲 → 𝒏𝜸
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None of the existing predictions can describe the new BESIII

measurement for the 𝛬 → 𝑛 𝛾 decay

Data：BESIII，PRL129(2022)21,212002

HB χPT : E. E. Jenkins et al, NPB 397, 84 (1993)

BχPT: H. Neufeld, Nucl. Phys. B 402, 166 (1993)

NRCQM：Qiang Zhao et al, CPC45, 013101 (2021)

PM1:  M. B. Gavela et al, PLB 101, 417 (1981)

PM2:  G. Nardulli, PLB 190, 187 (1987)

VDM: P. Zenczykowski, PRD 44, 1485 (1991)

χPT: B. Borasoy et al, PRD 59, 054019 (1999)

BSU(3): P. Zenczykowski, PRD 73, 076005 (2006)

QM: E. N. Dubovik et al, Phys. Atom. Nucl. 71, 136 (2008)



Why study WRHDs
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New BESIII and CLAS data for hyperon non-leptonic decays

➢ Definition of decay parameter for the 𝛬 → 𝑝 𝜋− decay

➢ Featured by a larger statistics and a small 
uncertainty and very different from previous PDG 
average

➢ A significant change for the baryon decay parameter 
of  𝛬 → 𝑝 𝜋− may greatly affect the values of LECs hD, 
hF and  hyperon non-leptonic decay amplitudes as 
inputs to WRHDs 

BESIII: Nature Phys. 15, 631 (2019)        CLAS: PRL123,182301 (2019)
BESIII: Nature 606, 64 (2022)                  BESIII: PRL129,131801 (2022) 



Why study WRHDs—theoretical tools
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 Theoretically, two phenomenological models are able to explain the
current experimental data of WRHDs at least qualitatively except for the 𝜦
→ 𝒏 𝜸 decay

➢ E. N. Dubovik et al, Phys. Atom. Nucl. 71, 136 (2008)—QM
➢ P. Zenczykowski, PRD 73, 076005 (2006)—BSU(3)

 Chiral perturbation theory (χPT) studies on the WRHDs

➢ B. Borasoy et al, PRD 59, 054019 (1999)  
➢ E. E. Jenkins et al, NPB397, 84 (1993)
➢ J. W. Bos et al, PRD 51, 6308 (1995)                  
➢ J. W. Bos et al, PRD 54, 3321 (1996)
➢ J. W. Bos, et al, PRD 57, 4101 (1998)

➢ H. Neufeld, NPB 402, 166 (1993)   (Loop level in the covariant formulation)          

(Tree or loop level in the 
heavy baryon  formulation)                                                  



Our purpose
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Our goal is to study the WRHDs in covariant baryon chiral
perturbation theory (BχPT) with the extended-on-mass-shell
(EOMS) renormalization scheme

➢ The work in the BχPT H. Neufeld, NPB 402, 166 (1993)

✓ The used  low energy constants (LECs) and hyperon non-
leptonic decay amplitudes are out of date

✓ No efforts were taken to ensure a consistent power counting

Updating the relevant 
LECs and hyperon non-
leptonic decay amplitudes

Calculating the branching 
fractions and asymmetry 
parameters, i.e., amplitudes a 
and b, of the WRHDs order by 
order

Comparing our predictions 
with those from other 
approaches/experimental 
data
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Chiral perturbation theory : a bottom-up EFT approach 

18

➢Effective theory: the physics in
low energy regions does not
depend on the details of the
higher energy physics, which has
been integrated out

➢Chiral perturbation theory is a
powerful tool to study the
WRHDs



Chiral perturbation theory – the essence 
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✓ Maps quark (u, d, s) dof’s to those of the asymptotic states, hadrons

✓ Allows a perturbative formulation of low energy QCD in powers of 

external momenta and  light quark masses, by utilizing chiral  

symmetry and its breaking pattern (the third feature of QCD)

 Chiral perturbation theory—low energy EFT of QCD

✓ 1979, pion-pion, Weinberg—relativistic

✓ 1989, to the one-baryon sector, Gasser, Sainio, Svarc--nonrelativistic

✓ 1990/91/92, to NN/NNN, Weinberg—nonrelativistic

 Development—Trilogy

Steven Weinberg
Nobel Prize in Physics in 1979

Rev. Mod. Phys. 81(2009)1773；Phys. Rept. 503(2011)1;  Rev. Mod. Phys. 92 (2020) 025004

Because of quark confinement and asymptotic freedom,
low energy QCD can not be solved perturbatively



 ChPT very successful in the study of Nanbu-Goldstone boson self-interactions, at 

least in SU(2)

 In the baryon sector, things become problematic because of the nonzero (large) 

baryon mass in the chiral limit,  which leads to the fact that high-order loops 

contribute to lower-order results, i.e., a systematic power counting is lost!

Power-Counting-Breaking in the baryon sector

Chiral order =

red dots denote possible 
PCB terms (pion-nucleon 
scattering)

J. Gasser et al.,
NPB 307, 779(1988)

20



Example: nucleon mass up to 𝐎(𝒑𝟑)

21

No need to calculate, simply recall that M0~O(p0) 

Chiral order =

However

Naively 
(no PCB)



Power-Counting-Restoration methods
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𝐻 =
1

𝑎𝑏
= න

0

1

𝑑𝑧
1

[(1 − 𝑧)𝑎 + 𝑧𝑏]2
≡ 𝐼 + 𝑅 = න

0

∞

…𝑑𝑧 − න
1

∞

…𝑑𝑧

Heavy Baryon ChPT: baryons are treated “semi-relativistically” by a simultaneous 

expansion in terms of external momenta and 1/𝑀𝑁 (Jenkins & Manohar, 1991, 1121

citations). It converges slowly for certain observables!

Relativistic baryon ChPT: removing power counting breaking terms but retaining 

higher-order relativistic corrections, thus, keeping relativity.

➢ Infrared baryon ChPT (T. Becher and H. Leutwyler, 1999, 608 citations)

➢ Fully relativistic baryon ChPT-Extended On-Mass-Shell (EOMS) scheme

One-Baryon: J. Gegelia et al., 1999; T. Fuchs et al.,2003

Two-Baryon: LSG et al., PRC99(2019)024004, PRC102(2020)054001



Extended-on-Mass-Shell (EOMS)

➢ “Drop” the PCB terms

+
⇓

➢ Equivalent to redefinition of the LECs

+
⇓

23



Extended-on-Mass-Shell (EOMS)

➢ “Drop” the PCB terms

+
⇓

➢ Equivalent to redefinition of the LECs

+
⇓

ChPT contains all possible terms allowed by symmetries, therefore 

whatever analytical terms come out from a loop amplitude, they 

must have a corresponding LEC

24



HB vs. Infrared vs. EOMS

Heavy baryon (HB) ChPT

- non-relativistic

- breaks analyticity of loop amplitudes

- converges slowly (particularly in three-flavor 

sector)

- strict PC and simple nonanalytical results

Extended-on-mass-shell (EOMS) BChPT

-satisfies all symmetry and analyticity constraints

-converges relatively faster--an appealing feature

Infrared BChPT

-relativistic

-breaks analyticity of loop amplitudes 

-converges slowly (particularly in three-

flavor sector)

-analytical terms the same as HB ChPT

25

LSG,
Front.Phys.(Beijing) 8 (2013) 328
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Three applications of covariant ChPT LSG, Front.Phys.(Beijing) 8 (2013) 328

LSG et al., PRL101 (2008) 222002

LSG* et al, PRL130 (2023)071902



WRHDs in the EOMS BχPT

27

Feynman diagrams Lagrangians

LECs D and F have been 
determined in Ref. LSG et al, 
PRD 90, 054502 (2014)

Order contributions

LECs 𝒃𝟔
𝑫 and 𝒃𝟔

𝑭 :
the experimental data of Octet
baryon magnetic moment



WRHDs in the EOMS BχPT
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Feynman diagrams Lagrangians

LECs D and F have been 
determined in Ref. LSG et al, 
PRD 90, 054502 (2014)

Order contributions

LECs 𝒃𝟔
𝑫 and 𝒃𝟔

𝑭 :
the experimental data of Octet
baryon magnetic moment

Leading order LECs hD & hF
NLO LECs: five C’s
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LECs hD, hF and hyperon non-leptonic decay amplitudes

30

 Decay width and baryon decay parameters 𝜶𝝅, 𝜷𝝅 and 𝜸𝝅 for  𝐵𝑖 → 𝐵𝑓 𝜋 decays

The hyperon non-leptonic decay amplitudes for the octet-to-octet transitions 
have the following form

where 𝐸𝑓 and Ԧ𝑞 are the energy and 3-momentum of the final baryon

Hyperon non-leptonic decay amplitudes:  S-wave amplitude AS and P-wave amplitude AP

with



LECs hD, hF and hyperon non-leptonic decay amplitudes

31

Table: By means of isospin symmetry, the Lee-Sugawara relations and the criterion that 𝐴𝑆(𝛬 → 𝑝𝜋−) is 
conventionally positive, S - and P-wave hyperon non-leptonic decay amplitudes are uniquely determined by 
fitting to the recent data [3,51-53] of branching fraction 𝓑, baryon decay parameters 𝛼𝜋 and 𝛾𝜋

 Comparing our results with those of Ref. [49]:

[3] P. A. Zyla et al. PDG, PTEP 2020, 083C01(2020)  [49] E. E. Jenkins, NPB 375, 561 (1992)   [51] M. Ablikim et al., BESIII, 2204.11058 (2022)
[52] M. Ablikim et al. (BESIII), Nature 606, 64, 2105.11155 (2022)   [53] D. G. Ireland et al, PRL 123,182301 (2019)

✓ P-wave amplitudes, especially for 𝑨𝑷(𝜦 → 𝒑𝝅−) and 𝑨𝑷(𝜩
− → 𝜦𝝅−) , differ a lot, which would 

affect the imaginary parts of the parity-conserving amplitude a
✓ Experimental S -wave amplitudes remain almost unchanged



Non-leptonic decay amplitudes—S/P puzzle

32

Amplitudes of hyperon non-leptonic decays

Here, both S-wave amplitude 𝑨𝑺 and P-wave amplitude 𝑨𝑷 are  functions of LECs hD and hF

 The so-called S/P puzzle: if the two LECs hD and hF can describe well
the experimental S-wave amplitudes, they reproduce very poorly the P-
wave amplitudes

As a result, we only updated the values of hD and hF by fitting to the experimental 
S -wave amplitudes for hyperon non-leptonic decays



LECs hD, hF and hyperon non-leptonic decay amplitudes

33

Table: LECs hD and hF determined by fitting to the S –wave hyperon non-leptonic decay amplitudes.

➢ In our least-squares fit, an absolute uncertainty of 0.3 is added to each S -wave amplitude in order 
to match the theoretical predictions with the experimental data at 1σ confidence level

➢ The tree-level formulae for the S -wave amplitudes derived from the following Lagrangian



Real part of amplitude a at 𝑶(𝒑𝟏)—tree   

34

➢ hD and hF are LECs

➢ 𝝁𝑩
(𝟐)

are the experimental 
baryon magnetic moments



Amplitude b and imaginary part of amplitude a at 𝑶(𝒑𝟐)—loop 
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Real part of amplitude a in the loop
level cannot be reliably determined
due to S/P puzzle in hyperon non-
leptonic decays.



Real part of amplitude a and b at 𝑶(𝒑𝟐)—tree

36

counter-terms

➢ CPS is CP followed by the SU(3) 
transformation of 𝒖 → −𝒖, 𝐝 → 𝒔 and 
𝐬 → 𝒅 which exchanges s and d quarks. 

➢ CPS symmetry dictates the existence 
of five unknown LECs 



Determining the contributions of counter-terms

37

 Total amplitudes a and b are a sum of the tree and loop contributions and read:

 Using                             and fitting to 𝓑 and 𝜶𝜸 for 𝜩𝟎 → 𝜮𝟎 𝜸 and 𝜩𝟎 → 𝜦 𝜸 decays, we 
determine for the first time the contributions of counter-terms

➢ The χ2/d.o.f. of Solution I  much smaller than that of Solution II. 
➢ Contributions of counter-terms for other WRHDs obtained by the 

following relations

Therefore, we take the Re a for each WRHD as a free parameter due 
to the unknown real parts of amplitudes a at 𝑶(𝒑𝟐) order



𝜶𝜸 of 𝜩𝟎 → 𝜮𝟎 𝜸 and 𝜩𝟎 → 𝜦 𝜸 as a function of |𝒂|𝟐 + |𝒃|𝟐

38



𝜶𝜸 of the 𝜦 → 𝒏 𝜸 decay as a function of |𝒂|𝟐 + |𝒃|𝟐

39

Data：BESIII，PRL129(2022)21,212002

HB χPT : E. E. Jenkins et al, NPB 397, 84 (1993)

NRCQM：Qiang Zhao et al, CPC45, 013101 (2021)

PM1:  M. B. Gavela et al, PLB 101, 417 (1981)

PM2:  G. Nardulli, PLB 190, 187 (1987)

VDM: P. Zenczykowski, PRD 44, 1485 (1991)

χPT: B. Borasoy et al, PRD 59, 054019 (1999)

BSU(3): P. Zenczykowski, PRD 73, 076005 (2006)

QM: E. N. Dubovik et al, Phys. Atom. Nucl. 71, 136 (2008)

➢ Interestingly, only EOMS BχPT agrees with the latest BESIII measurement
➢ The prediction in the HB χPT with  counter-term contributions is very close to the BESIII data
➢ The vector dominance model (VDM)  and the pole model (PM II) are disfavored by the BESIII data



𝜶𝜸 of the other WRHDs as a function of |𝒂|𝟐 + |𝒃|𝟐

40

➢ For the Σ0 → 𝑛 𝛾 decay, not yet measured, our result contradicts the predictions of PM I  
and NRCQM

➢ For the Ξ− → Σ−𝛾 decay, our prediction agrees better with the experimental 
measurement, and the current PDG data disfavor the results of PM II and tree-level χPT

➢ For the 𝜮+ → 𝒑 𝜸 decay, the results predicted in all the χPT deviate from the PDG 
average but our prediction is closer

Hara’s theorem: 𝛼𝛾 for Ξ− → Σ−𝛾 and 𝜮+ → 𝒑 𝜸 should not be too large. 



What happed to 𝜮+ → 𝒑 𝜸 ?  What is still missing?

 For the 𝜮+ → 𝒑 𝜸 decay, the results predicted in all the χPT deviate from 
the PDG average but our prediction is closer

Could  this be somehow rescued? 

➢ How about contributions of heavier resonances? Have been tried previously,  but 
the results do not look good, e.g., B. Borasoy et al, PRD 59, 054019(1999)

Uncertainties of the 
relevant LECs are 
important but 
remain unstudied
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Contributions of heavier resonances

43

 Consider only additional  contributions of heavier resonances at tree-level

Following  B. Borasoy et al, PRD 59, 054019(1999)

➢ At tree level,  only 
𝟏

𝟐

−
states contributing to Re b can affect the EOMS results because 

1

2

+
states contribute to Re 𝑎 which are taken as free parameters

➢ Due to charge conservation, contributions of 𝒃𝑩𝒊𝑩𝒇
(𝟏,𝐭𝐫𝐞𝐞) to  𝛴+ → 𝑝𝛾 and 𝛯− → 𝛴−𝛾 are 

dominated by 𝑁(1535). For other channels,  𝒃𝑩𝒊𝑩𝒇
(𝟏,𝐭𝐫𝐞𝐞) are mainly from 𝛬(1405).



Contributions of heavier resonances
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 𝒃𝑩𝒊𝑩𝒇
(𝟏,𝐭𝐫𝐞𝐞) at leading order 

➢ 𝑟𝑑 and 𝑟𝑓 can be determined by fitting to electromagnetic decays of the resonances
➢ 𝜔𝑑 and 𝜔𝑓 can be determined by fitting to the nonleptonic hyperon decays 

B. Borasoy et al, PRD 59, 054019(1999), PRD 59, 094025(1999) 



Contributions of heavier resonances

45

 𝒃𝑩𝒊𝑩𝒇
(𝟏,𝐭𝐫𝐞𝐞) at leading order 

Results in B. Borasoy et al, PRD 59, 054019(1999)

We consider 50% uncertainties in 
these numbers

➢ Using                          , considering the uncertainties of 𝒃𝑩𝒊𝑩𝒇
(𝟏,𝐭𝐫𝐞𝐞)

and fitting to 𝓑 and 𝜶𝜸

for 𝜩𝟎 → 𝜮𝟎 𝜸 and 𝜩𝟎 → 𝜦 𝜸 decays, we re-determine the contributions of counter-terms



Contributions of heavier resonances

➢ Solid and dashed lines in red represent the EOMS results with/without  heavier 

resonances, respectively.

➢ In the figure on the right, we show that after considering the uncertainties of input 

quantities (LECs), the experimental data can also be well described.



Contributions of heavier resonances

47

➢ Contributions of  
1

2

−
states  can improve the present EOMS results (solid lines in red)

➢ Uncertainties of resonance contributions are not fully taken into account



Contents

☞Brief introduction: motivation and purpose

☞Theoretical framework: covariant ChEFT

☞Results & discussions

➢ Conventional ChPT results

➢ Contribution of negative parity heavy resonances (preliminary) 

☞Summary and outlook

48



Summary and outlook

 Motivated by the latest BESIII results and the success of the covariant baryon chiral

perturbation theory, we revisited the long-standing WRHDs.

➢ LECs hD, hF and hyperon non-leptonic decay amplitudes are determined by fitting to the latest

experimental data on the 𝐁𝐢 → 𝐁𝐟 𝛑 decays

➢ 𝐎(𝒑𝟐) counter-term contributions are determined by fitting to 𝜩𝟎 → 𝜮𝟎 𝜸 and 𝜩𝟎 → 𝜦 𝜸 for the first time

 We showed that the latest measurement of 𝚲 → 𝐧 𝛄 by the BESIII Collaboration can

be well explained. The contributions of heavier
𝟏

𝟐

−
states are important to explain

the 𝜮+ → 𝒑 𝜸 asymetry, and finally bring an overall solution to the WRHDs puzzle.

 This work provides essential SM inputs for studying new physics in the rare

hyperon semi-leptonic decay 𝑩𝒊 → 𝑩𝒇𝜸
∗ → 𝑩𝒇𝒍 𝒍

49

LHCb:   JHEP 05 (2019) 048 and CERN Yellow Rep.Monogr. 7 (2019) 867-1158



Summary and outlook

A more precise measurement of 𝜶𝜸(𝜩
− → 𝜮−𝜸) is highly desirable in

order to test Hara’s theorem and confirm the present experimental
result.

 A more careful and systematic study of the contribution of heavier

resonances, especially for
1

2

−
states (𝛬(1405),𝑁(1535)) contributing to

amplitude 𝑏.

50

Zhou XR, PoSCHARM2020(2021)007
A.Y.Barnyakov, JPhysConfSer1561(1)(2020)012004

Super tau-charm factory:

B. Borasoy et al, PRD 59, 054019(1999) & Qiang Zhao et al, CPC45, 013101 (2021)



Summary and outlook
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 Revisiting the S/P puzzle of hyperon 
non-leptonic decays (𝑩𝒊→ 𝑩𝒇 𝝅)

• Jusak Tandean et al , PRD 67 (2003) 056001
• Salone N et al , PRD 105 (2022) 11, 116022
• Xiao-Gang He et al, Sci.Bull. 67 (2022) 1840-1843
• Wang XF,arXiv:2312.17486

✓ Latest BESIII study shows that 𝛥𝐼 = 1/2 rule 
may be violated

BESIII: PRL 132 (2024) 10, 101801

✓ Previous theoretical studies in HBχPT
neglected the contributions of either  
the counterterms or intermediate 
decuplet-baryons

Borasoy B et al, EPJC 6 (1999) 85-107
Abd El-Hady A, PRD 61 (2000) 114014

 Revisiting CP violation (CPV) of hyperon 
non-leptonic decays (𝑩𝒊→ 𝑩𝒇 𝝅)

HB χPT:

✓ The large uncertainties predicted in 
SM are related to the S/P puzzle

Inputs



Thanks for your attention！


