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超子的衰变
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超子三类衰变

• 超子衰变的理论描述：低能有效理论（ChPT，VMD，NRCQM，pole model etc.），
Lattice QCD

• 超子衰变存在的问题：

• ∆I = 1/2规则，S/P波问题，Hara定理

强子末态弱衰变 𝒪(1) 弱辐射衰变𝒪(10−3) 半轻衰变𝒪(10−3)



∆I =1/2 rule in Kaon decay

• In 𝑲 → 𝝅𝝅 decay, their amplitudes:
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𝐴 𝐾0 → 𝜋+𝜋− = 𝐴0𝑒𝑖𝜒0 +
1

2
𝐴2𝑒𝑖𝜒2

𝐴 𝐾+ → 𝜋+𝜋0 =
3

2
𝐴2𝑒𝑖𝜒2 ∆𝑰 =

𝟑

𝟐
transition

∆𝑰 =
𝟏

𝟐
transition

Re(𝐴0)

𝑅𝑒(𝐴1)
≈

ℬ 𝐾+ → 𝜋+𝜋0 𝜏𝐾𝑠

ℬ 𝐾𝑠 → 𝜋+𝜋− 𝜏𝐾+

=
0.21 ∙ 0.1𝑛𝑠

0.69 ∙ 12𝑛𝑠
=

1

22

• The ∆𝑰 = 𝟏/𝟐 rule means the weak transitions changing isospin by 1/2 are enhanced 

over the 3/2 transitions in S-wave

Current precision

• Direct CP violation in 𝐾 → 𝜋𝜋 arises from interference between isospin amplitudes

= (21.7 ± 8.4) × 10−4



∆I =1/2 rule in Kaon decay
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• Dual QCD approach (1/N expansion method, mainly long-distance contribution) 

• ∆𝑰 = 𝟏/𝟐 rule: 

• A factor of 2 is provided by perturbative QCD correction to the 4-quark operators

• RBC-UKQCD Lattice QCD

𝜔 = Τ𝑅𝑒(𝐴0) 𝑅𝑒 𝐴1 = 16.0 ± 1.5

𝜔 = Τ𝑅𝑒(𝐴0) 𝑅𝑒 𝐴1 = 12 ± 1.7

𝜔 = Τ𝑅𝑒(𝐴0) 𝑅𝑒 𝐴1 = 31.0 ± 11.1

𝜔 = Τ𝑅𝑒(𝐴0) 𝑅𝑒 𝐴1 = 19.9 ± 2.3 ± 4.4

• QCD dynamics is dominantly responsible  for the ∆I = 1/2 rule, but new physics 

contributions at the level of 15% could still be present. 

PRL110, 152001 (2012)

PRD102, 054509 (2020)

PRD91, 074503, 054509 (2015)

Eur.Phys.J.C 74 (2014) 2871



• If there no ∆I =3/2 transition in 𝛬 decay

∆I =1/2 rule in Hyperon decay

• The ∆I =1/2 rule is also applicable in the decay of hyperons, e.g. 𝜦 → 𝒑𝝅− and 𝜦 → 𝒏𝝅𝟎 
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• Why test ∆I =1/2 rule in 𝜦 decay:

• Test the Δ𝐼 = 1/2 rule in both 𝑆-wave and 𝑃-wave: 𝑆1/𝑆3 and 𝑃1/𝑃3

• ∆I =3/2 transition contributes in CPV of decay width



∆I =1/2 rule in Hyperon decay
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• The ∆I =1/2 and ∆I =3/2 amplitudes in Hyperon is related with decay widths and decay asymmetries 



Hyperon Hadronic Weak Decay
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• Effective Lagranian of the decay:

          ℒ =
𝑒𝐺𝐹

2
ത𝐵𝑓 𝑃 + 𝑆𝛾5 𝜎𝜇𝜈𝐵𝑖𝐹𝜇𝜈

• Observables:

Γ =
𝑒2𝐺𝐹

2

𝜋
𝑆 2 + 𝑃 2

• Anisotropic proton decay distribution

𝑑𝑁

𝑑 cos 𝜃
=

𝑁0

2
1 + 𝛼Λ𝑃Λ cos 𝜃

𝑆 = Σ𝑖𝑆𝑖𝑒𝑖(𝛿𝑖
𝑆+𝜉𝑖

𝑆)

𝑃 = Σ𝑖𝑃𝑖𝑒𝑖(𝛿𝑖
𝑃+𝜉𝑖

𝑃)

• 𝑖 runs the change in isospin Δ𝐼   

• 𝛿𝑖 is the strong final-state interaction 

phase

• 𝜉𝑖 is the weak interaction phase 

𝛽𝑌 = 1 − 𝛼𝑌
2 sin 𝝓𝒀 𝛾𝑌 = 1 − 𝛼𝑌

2 cos 𝜙𝑌

𝜶𝒀



Hyperon Hadronic Weak Decay at e+e- collider
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Typical reaction of 𝒆+𝒆− → 𝑱/𝝍 → 𝜩−ഥ𝜩+

• 𝐽/𝜓 produced almost at rest

• 𝛯− ത𝛯+ produced back-to-back, spin-correlated

• Decay occurs within a few cm of IP

• Low momentum 𝜋− and 𝜋+

• Clean topology, low background rate: 1:400

• Two helicity amplitudes | ۧ𝐽;  𝐽𝑧 = | ۧ1; +1 , | ۧ1; −1

• Interference between them produces a 𝜃𝜓-dependent 

production for 𝛯 hyperons that are spin-polarized: 

 The first reaction: 𝑱/𝝍 → 𝜩−ഥ𝜩+ 



Hyperon Hadronic Weak Decay at e+e- collider
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• The decay angle 𝜃𝛬(𝜃ഥ𝛬) relative to 𝑃𝛯 direction

• 𝑃𝛬 is polarization of 𝛬 with ො𝑥, ො𝑦, Ƹ𝑧 oriented in helicity frame

• 𝜶, 𝜷, 𝜸 are the Lee-Yang decay parameters of 𝜩 that can be determined with 
𝑑𝑁

𝑑 cos 𝜃
and 𝑃𝛬

• In 𝛯− and ത𝛯+ rest frames: 

 The next two reactions: 𝜩− → 𝜦𝝅−(ഥ𝜩+ → ഥ𝜦𝝅+) 

 The last two reactions: 𝜦 → 𝒑𝝅−(ഥ𝜦 → ഥ𝒏𝝅𝟎) 

• In Λ and ഥΛ rest frames: 

• The decay angle 𝜃𝑝(𝜃 ҧ𝑝) relative to 𝑃Λ direction

• Only 𝜶 of 𝜦 can be determined since proton polarization is not measured.



A joint angular analysis of 𝑱/𝝍 → 𝜩−ഥ𝜩+ 
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• For 
1

2

+
→

1

2

+
+ 0−decay (Ξ− → Λπ−):

• Spin density matrix (𝐽/𝜓 → 𝛯− ത𝛯+ ):

PRL 132, 101801(2024)



A joint angular analysis of 𝑱/𝝍 → 𝜩−ഥ𝜩+ 

11

The fit yields 143973±414 signal events and a purity of 91.2%.

Good consistence between data and simulation

PRL 132, 101801(2024)
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• Production parameters are consistent with 

previous results, verifying the polarization 

and spin correlation.

• Precision of 𝜶𝟎 and ഥ𝜶𝟎 are improved by 

factor of 4 and 1.7.

• Four CP observables are constructed from 

decay parameters.

• Strong and weak-phase difference are 

measured.

A joint angular analysis of 𝑱/𝝍 → 𝜩−ഥ𝜩+ 

PRL 132, 101801(2024)
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Disparity in Λ decay that reveals ∆I =1/2 rule

Consistent with kaon decay

Observed for the first time, different from S-wave

PRL 132, 101801(2024)



S/P wave puzzle
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Γ =
𝑒2𝐺𝐹

2

𝜋
𝑆 2 + 𝑃 2 𝛼𝑌 =

2Re(𝑆∗𝑃)

|𝑆|2 + |𝑃|2
𝜙𝑌 = sin−1

𝛽𝑌

1 − 𝛼𝑌
2

• Three parameters fully describe the hyperon hadronic weak decays: 

S/P wave puzzle: the S wave in hyperon decay follows SU(3) symmetry, while the P wave doesn’t. 

In the ChPT, if the two low energy constants can describe well the experimental S-wave amplitudes, they

reproduce very poorly the P-wave amplitudes

It is the S/P wave puzzle that limits the precision of SM predictions of CPV!



S/P wave puzzle
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• Using the ChPT approaches, with updated decay parameters, the updated S-wave and P-wave are 

obtained (R.X. Shi, L.S. Geng, Sci.Bull. 68 (2023) 779-782). 

• The P-wave in 𝜦 → 𝒑𝝅− and 𝜩− → 𝜦𝝅− differs a lot from E. E. Jenkins, NPB 375, 561 (1992)

• It could be improved with updated 𝛼0 from Λ → 𝑛𝜋0 

Updated one:



Weak Radiative Hyperon Decay
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• The radiative decay was thought to be a simple reaction since it is free of final-state interaction.

• There are seven  WRHD processes:

• Effective Lagrangian

ℒ =
𝑒𝐺𝐹

2
ത𝐵𝑓 𝑎PC + 𝑏PV𝛾5 𝜎𝜇𝜈𝐵𝑖𝐹𝜇𝜈

• Observables:

           Γ =
𝑒2𝐺𝐹

2

𝜋
𝑎 2 + 𝑏 2 ∙ 𝑘

3
,

           𝛼𝛾 =
2Re(𝑎𝑏∗)

𝑎 2+ 𝑏 2



“Hara theorem” for WRHD
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• The U-spin properties of the weak and EM Hamiltonian 

imply that the PV part of the radiative weak decay 

vanishes in U-spin symmetry

• If one assumes that md != ms, the ratio of PV amplitude 

to PC is (ms-md)/(ms+md) implying small but positive 

asymmetry parameter.

• The “Hara theorem”:

• Most attempts study the single quark transition operator for 𝒔 → 𝒅𝜸. The remaining two quarks are

assumed to be spectators. 

• For a U-spin doublet such as 𝑝, Σ+, or Σ−, Ξ−, Hara theorem 

requires the PV amplitudes vanish



“Hara theorem” for WRHD
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A single quark transition model is inadequate in describing the baryon radiative weak decays



“Hara theorem” for WRHD
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Bi Bf

𝒈 𝜸

W±

• Non-pQCD effect plays a essential role, low energy effective 

theories needed

• A symphony of strong, weak and EM interaction

j.ppnp.2016.07.001

Semi-leptonic Decay

Weak Hadronic Decay

Weak Radiative Decay

Baryon Magnetic Momentj.scib.2022.10.026 

• The WRHD provide low-energy constants constraints, that 

will bring inputs for Semi-leptonic decay and weak hadronic 

decay

• However, there is no one unified model to describe all 

WRHDs in a satisfied way.



Joint angular analysis for WRHD at e+e- collider
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For 
𝟏

𝟐

+
→

𝟏

𝟐

+
+ 𝟏−decay (𝚵𝟎 → 𝚺𝟎𝛄)

For 𝑱/𝝍 → 𝜩𝟎ഥ𝜩− 

For 
𝟏

𝟐

+
→

𝟏

𝟐

+
+ 𝟎−decay (𝚵𝟎 → 𝚲𝛑𝟎)



WRHD process 𝜮+ → 𝒑𝜸
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Double-tag method:

PRL130, 211901 (2023)



WRHD process 𝜮+ → 𝒑𝜸
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Iterated from this analysis

PRL130, 211901 (2023)



WRHD process 𝜮+ → 𝒑𝜸
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• The accuracies of the BF and αγ are improved by 78% and 34% 

• The measured BF is lower than the world average value by 4.2σ

• The accurate result will provide input and constraints for ChPT

PRL130, 211901 (2023)



WRHD process 𝜮+ → 𝒑𝜸

24

SM on 𝜮+ → 𝒑𝜸 𝚫𝑪𝑷 𝑨𝑪𝑷

PhysRevD.51.2271 10−5 − 10−4

Commun. Theor. Phys. 19.475 10−5 − 10−4

arxiv:2312.17568 2 × 10−5

CP observables: Input for new physics in 𝜮+ → 𝒑𝒍+𝒍−

• Experiment results of WRHDs provide SM expectations 

on such decays – narrowing the range for NP! 

• Smoke screen of new physics in Σ+ → 𝑝𝜇+𝜇− decay 

PRL94 (2005) 021801, PRL120 (2018) 22, 22180

• May be significantly enhanced by NP up to 𝒪 10 % 

(PRL109 (2012), 171801, JHEP 01 (2013) 027, JHEP 04 

(2017) 027, JHEP 08 (2017) 09 

• Extensive experimental studies on 𝐾, 𝐷 and 𝐵 meson 

radiative decays

PRL130, 211901 (2023)



WRHD process 𝜦 → 𝒏𝜸
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After further BDT selection

PRL 129, 212002 (2022)



WRHD process 𝜦 → 𝒏𝜸
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• First measurement on 𝛼𝛾

• 5.6σ deviation of BF from world 
average value

ChPT II

PRL 129, 212002 (2022)



WRHD process 𝜦 → 𝒏𝜸
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Unitarity Bounds: • For the WRHD processes, 𝐼𝑚 𝑀(𝑌 → 𝐵𝛾) can be 

expressed in terms of the amplitudes of the 𝒀 → 𝑩𝝅𝟎 

and of those of pion photoproduction on nucleons 

(𝜸𝑩 → 𝝅𝑩′)

• However, the updated BF of  𝜦 → 𝒏𝜸 , (𝟎. 𝟖𝟑𝟐 ±
𝟎. 𝟎𝟑𝟖 ± 𝟎. 𝟎𝟓𝟒) × 𝟏𝟎−𝟑, is close to the lower bounds. 



WRHD process 𝚵𝟎 → 𝚲𝜸
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Sci.Bull. 70 (2025) 454-459



WRHD process 𝚵𝟎 → 𝚲𝜸
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this analysis
this analysis

Sci.Bull. 70 (2025) 454-459



HWRD at fix-target experiments

• Fixed target experiments govern the 
results in 1965-2010 (~23 papers from 
over 5 experiments)

30



HWRD at fix-target and 𝒆+𝒆− and Experiments 
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𝟕𝟐𝟑 ± 𝟒𝟎 𝟒𝟗𝟖 ± 𝟒𝟏𝟏𝟖𝟏𝟔 𝐞𝐯𝐞𝐧𝐭𝐬

BNL AGS

~𝟑𝟐𝟎𝟎𝟎 𝐞𝐯𝐞𝐧𝐭𝐬

Fermilab E761

𝟏𝟏𝟖𝟗 ± 𝟑𝟖 𝟏𝟑𝟎𝟔 ± 𝟑𝟗

• Hyperons at 𝑒+𝑒− : less statistics compare with large flux hyperon beam with polarization, 

but with  better precision, charge-conjugate channels

• The power of quantum correction and joint angular analysis!



Summary

• The precision of hyperons decays are limited by the non-pQCD issues: the ∆I =1/2 

rule, S/P wave puzzle and Hara theorem are reported.

• Experimental measurement of hadronic weak decay and weak radiative decay of 

Hyperon are improved at BESIII with its unique data, and more attempts are 

ongoing. 

• A unified picture of theoretical description for these decays is needed to understand 

the non-pQCD at these extreme low q2 regions.
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