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Rich 𝜼/𝜼′ Physics

Standard Model Tests:
• Chiral symmetry and anomalies

• Extract 𝜂 − 𝜂ꞌ mixing angle and quark mass ratio

• Theory inputs to HLbL for (𝑔 − 2)𝜇

• QCD scalar dynamics

Fundamental Symmetry Tests:
• C, CP violations

• P, CP violations

• Lepton flavor violations

BSM Physics in Dark Sector:
• Vector bosons (B boson, dark photon and X 

boson)

• Dark scalars

• Pseudoscalars (ALPs)

• BSM weak decays
Phys. Rept. 945 (2022) 1-105
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Experiment 𝜼 events 𝜼′ events

BESIII  𝐽/𝜓 → 𝛾𝜂/𝜂’ 1.1 × 107 5.2 × 107

𝐽/𝜓 → 𝛾𝜂’(𝜋+𝜋−𝜂) 2.2107

𝐽/𝜓 → 𝜙/𝜔𝜂/𝜂’ 2.5 × 107 6.5 × 106

KLOE-2 𝜙 → 𝛾𝜂/𝜂’ 3 × 108 1.5 × 106

WASA@COSY 
𝑝𝑝 → 𝜂𝑋

~3 × 107

A2@MAMI 
𝛾𝑝 → 𝜂/𝜂’𝑋

~6 × 107 ~3 × 106

HADES
𝑝𝑝 → 𝜂𝑋

~4.5 × 108

JEF@JLAB
𝛾𝑝 → 𝜂𝑋

~107

REDTOP, HIAF
𝑝𝐿𝑖 → 𝜂𝑋

~1013/yr
Proposed 

RedTop and 
HHaS@HIAF

e+e- Collider

Fixed-target

Experimental 𝜼/𝜼′ samples 

340 times BESIII statistics: 

⇒～1010 𝜂 and 1010𝜂′

Proposed STCF: 
 𝜼/𝜼′ factory



Recent highlights
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Evidence of cusp effect in 𝜼′ → 𝝅𝟎𝝅𝟎𝜼

• Investigation on ππ and πη final interactions

• S-wave charge-exchange rescattering: 𝜋+𝜋− → 𝜋0𝜋0 → 𝜋+𝜋−

• The size of cusp effect is predicted to be about 6% in 𝜂′ →
𝜋0𝜋0𝜂 within NREFT

PRD97, 012003 (2018)

A2 Collaboration

PRD98, 012001 (2018)

BESIII: PRL130, 081901(2023)
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B. Kubis and S. P. Schneider, EPJC 62, 511 (2009)



➢ One and two-loop level contributions based on 
NREFT are introduced

B. Kubis, S. P. Schneider, EPJC 62, 511 (2009)
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BESIII: PRL130, 081901(2023)

− scattering pars

Cusp effect with ~3.5 𝜎!

➢ Tree level amplitude is equivalent to general 
presentation



A2: PRC 97 (2018) 065203

BESIII: PRD 107, 092007 (2023)Cusp and slope parameter for 𝜼 → 𝝅𝟎𝝅𝟎𝝅𝟎
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δ(A2) = −0.0169 ± 0.0067

C. O. Gullstrom, A. Kupsc, A. Rusetsky, 
PRC 79, 028201 (2009)

A2: Higher order contributions and 
hint of cusp 

𝛼 = −0.0406 ± 0.0035 ± 0.0008

𝛽 = 0.0038 ± 0.0033𝑠𝑡𝑎𝑡.

𝛾 = −0.018 ± 0.014𝑠𝑡𝑎𝑡.

𝛿 = −0.018 ± 0.022𝑠𝑡𝑎𝑡.

⇒ 𝛼 is consistent with A2 and KLOE results  in 2.8σ

𝛼 𝐴2 = −0.0302 ± 0.0008𝑠𝑡𝑎𝑡.

𝛽 𝐴2 = −0.0070 ± 0.0010𝑠𝑡𝑎𝑡.

𝛾(𝐴2) = −0.0023 ± 0.0040𝑠𝑡𝑎𝑡.

𝛼 = −0.0301 ± 0.0035𝑠𝑡𝑎𝑡 −0.0035
+0.0022

𝑠𝑦𝑠𝑡

➢ KLOE: ~420 pb−1 (≃ 1.4 · 109 ) data  

➢ BESIII: 10 billion J/ radiative decays

BESIII2023

KLOE: PLB 694 (2011) 16

A2: PRC 97 (2018) 6, 065203
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Matrix elements for 𝜼 → 𝝅+𝝅−𝝅𝟎

⇒ All parameters related with C symmetry breaking are consistent with zero

BESIII: PRD 107, 092007 (2023)

https://www.hepdata.net/record/141642

➢SM: Isospin violating process, C conserved, EM effects suppressed

⇒ ideal process to extract mu−md

BESIII2023

KLOE2016

KLOE-2: JHEP 1605 (2016) 019

✓ KLOE-2: 1.6 fb-1 data

✓ First observation of non-zero g-term

✓ Confirmed by BESIII~10 billion J/ radiative decays

BESIII: PRD 107, 092007 (2023)



S. Gardner, J. Shi, PRD 101 (2020) 115038

H. Akdag, T. Isken, B. Kubis,  JHEP 02 (2022)137

J. Shi, J. Liang, S. Gardner PR 110 (2024) 055039

overall C/CP-violation ∆I = 2 ∆I = 0 

Dalitz plot Asymmetries in 𝜼 → 𝝅+𝝅−𝝅𝟎

➢BSM: C broken, isospin either conserved or broken 

➢The interferences give rise to mirror symmetry breaking (permille level) in the Dalitz plot
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BESIII: PRD 107, 092007 (2023)

BESIII 

All asymmetries consistent with zero at 10-4 level

KLOE: JHEP 1605 (2016) 019
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Study of 𝜼′ → 𝟒𝝅
BESIII: PRD 109, 032006 (2024)

𝜼′ → 𝝅+𝝅−𝝅+𝝅− 𝜼′ → 𝝅+𝝅−𝝅𝟎𝝅𝟎 𝜼′ → 𝝅𝟎𝝅𝟎𝝅𝟎𝝅𝟎

the UL at 90% CL: 1.24 × 10−5𝐵𝑟 = 8.56 ± 0.25 ± 0.23 × 10−5 𝐵𝑟 = 2.12 ± 0.12 ± 0.10 × 10−4

D-wave pion loop
 Br~10−8𝐵𝑟 𝜂′ → 2(𝜋+𝜋−) = 1.0 ± 0.3 × 10−4

𝐵𝑟 𝜂′ → 𝜋+𝜋−2𝜋0 = 2.4 ± 0.7 × 10−4

F. K. Guo, B. Kubis, A. Wirzba, PRD 85,014014 (2012)

Loop and counter term at O(p6)

1650 ± 48

865 ± 49



Decay dynamic of 𝜼′ → 𝟐(𝝅+𝝅−) BESIII: PRD 109, 032006 (2024)

α =
c3

𝑐1 − 𝑐2
= 1.22 ± 0.33 ± 0.04

➢ First measurement of the doubly virtual 
isovector form factor
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If α ≃ 1, triangle anomaly would be dominated

Based on the combination of ChPT and VMD model: 

Box anomaly Triangle anomaly

PRD85, 014014 (2012)



Double radiative decays 𝜼(′) → 𝜸𝜸𝝅𝟎/𝜼

Br η′ → γω → γγπ0 = 23.7 ± 1.4 ± 1.8 × 10−4

dominant by ω

Br η′ → γγπ0 = 32.0 ± 0.7 ± 2.3 × 10−4

Br η′ → γγπ0 (NR) = 6.16 ± 0.64 ± 0.67 × 10−4

14BESIII: PRD 96, 012005 (2017)

J/𝜓→γηπ0

η′→π0π0η

η′→γω(γπ0) 

N=24.9±10.3 (~2.6σ)

BESIII: PRD 100, 052015 (2019)

Br(η→π0γγ)= (0.99± 0.11± 0.24)×10-4

KLOE-2:arXiv:2505.09285

A2: PRC 90 (2014) 025206

Br(A2)= (2.52±0.25)×10−4 

B η′ → γγη = 8.25 ± 3.41 ± 0.72 × 10−5

Br(η→π0γγ) = (1.30±0.08)×10-4 LσM+VMD

𝜼 → 𝜸𝜸𝝅𝟎

1246 ± 133

Lint～1.7 fb-1
𝜼′ → 𝜸𝜸𝝅𝟎

𝜼′ → 𝜸𝜸𝜼

Also can be used to search leptophobic B boson 𝜼(′) → 𝜸𝐁 → 𝜸𝜸𝝅𝟎/𝜼.

PRD 102 (2020) 034026 



Meson transition form factors

• Low energy QCD: 

• Enters in th. description of QCD processes

• Evolution with Q2 predicted by pQCD: models can 
be tested using data on Q2 dependance

• Light-by-light contribution to 𝑎𝜇

• Search for light dark force mediator

𝑒+

𝑒−

𝛾∗

𝛾

𝑃

𝛾

𝛾∗
𝑒+

𝑒−𝑃
𝛾∗

𝛾∗

𝑒+

𝑒−

𝑒+

𝑒−

𝑃

Annihilation process q2 >M2Dalitz decays 0<q2 <M2 Two photon process q2 <0
15

Experimentally



𝛾

𝛾∗

𝑒+

𝑒−𝑃
𝐹(𝑞2)TFF of 𝜼/𝜼′ → 𝜸𝒆+𝒆−
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𝑱/𝝍 → 𝜸𝜼, 𝜼 → 𝜸𝒆+𝒆−

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼
𝜼 → 𝜸𝝁+𝝁−

𝑏𝜂 = 1.707 ± 0.076 ± 0.029 𝐺𝑒𝑉/𝑐2Combined the two 𝜂 → 𝛾𝑒+𝑒−:

BESIII: PRD112, 052007 (2025)

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼
𝜼 → 𝜸𝒆+𝒆−

𝜼′ → 𝜸𝒆+𝒆−

𝑏𝜂 = 1.781 ± 0.123 ± 0.033 GeV/c2 −2 𝑏𝜂′ = 1.574 ± 0.048 ± 0.016 GeV/c2 −2

BESIII: PRD 109, 072001 (2024)

𝑏𝜂 = 1.645 ± 0.343 ± 0.017 𝐺𝑒𝑉/𝑐2



𝜋+𝜋−𝜇+𝜇−
𝜋+𝜋−𝑒+𝑒−

22725 ±
155 

434 ± 25 

Precision study of 𝜼′ → 𝝅+𝝅−𝒍+𝒍− BESIII: JHEP 07, 135 (2024)

2.45 ± 0.02 ± 0.08 2.16 ± 0.12 ± 0.06BESIII 2024

VMD Contribution 
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➢ Box-anomaly is needed to describe data
➢ 𝜔 → 𝜋+𝜋− is also necessary

➢ First time to assess the form factors with 𝜂′

→ 𝜋+𝜋−𝑙+𝑙− within VMD

Amplitude analysis result of 𝜼′ → 𝝅+𝝅−𝒍+𝒍−
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BESIII: JHEP 07, 135 (2024)

Hidden gauge Full VMD Modified VMD

𝒃𝜼′ = 𝟏. 𝟑𝟎 ± 𝟎. 𝟏𝟗 𝐆𝐞𝐕/𝐜𝟐 −𝟐



Study of 𝜼 → 𝝅+𝝅−𝒍+𝒍−

BESIII: arXiv:2501.10130v1

• Allow to access decay dynamic but with limited statistics

• No event left in for 𝜋+𝜋−𝜇+𝜇− hypothesis in 𝜂 region 

Br(𝜂 → 𝜋+𝜋−𝑒+𝑒−) = 3.07 ± 0.12 ± 0.19 × 10−4

19

KLOE: PLB 675 (2009) 283
➢ KLOE: Lint ~ 1.7 fb−1@ √s = M

Br(𝜂 → 𝜋+𝜋−𝜇+𝜇−) < 4.0 × 10−4 at 90% CL.

➢ BESIII: 10 billion J/ radiative decays



𝜂′ → 𝜋+𝜋−𝜇+𝜇−
𝜂′ → 𝜋+𝜋−𝑒+𝑒−

𝐴𝐶𝑃 = −0.21 ± 0.73 ± 0.01 % 𝐴𝐶𝑃 = 0.62 ± 4.71 ± 0.08 %

Asymmetry in 𝜼(′) → 𝝅+𝝅−𝒍+𝒍−
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BESIII: JHEP 07, 135 (2024)

D. N. Gao, Mod Phys Lett A17 (2002) 1583
M. Zillinger, B. Kubis, P. Sánchez-Puertas, 
JHEP 12 (2022) 001 

𝐴𝐶𝑃 = −0.6 ± 2.5 ± 1.8 %

𝜂 → 𝜋+𝜋−𝑒+𝑒−

KLOE: PLB 675 (2009) 283

• Test of non-CKM CP Violation:

• Arises from interference between CP conserving

magnetic and CP violating electric transition

𝐴𝐶𝑃 = −4.04 ± 4.69 ± 0.14 %

𝜂 → 𝜋+𝜋−𝑒+𝑒−

BESIII: arXiv:2501.10130v1

All asymmetries consistent with zero at 10-3 level



Double Dalitz decays 𝜼/𝜼′ → 𝒍+𝒍−𝒍+𝒍−

BESIII: PRD105,112010 (2022)

CPC 42 (2018) 023109
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𝜼′ → 𝒆+𝒆−𝒆+𝒆− 𝜼′ → 𝒆+𝒆−𝝁+𝝁− 𝜼′ → 𝝁+𝝁−𝝁+𝝁−
𝜼 → 𝒆+𝒆−𝝁+𝝁−

BESIII: PRD111,052002 (2025)

T. Petri, arXiv:1010.2378

KLOE: PLB 702 (2011) 324

𝜼 → 𝒆+𝒆−𝒆+𝒆−

- Statistics limited !

< 𝟏. 𝟕𝟓 × 𝟏𝟎−𝟔

< 𝟓. 𝟐𝟖 × 𝟏𝟎−𝟕

< 𝟔. 𝟖𝟖 × 𝟏𝟎−𝟔

𝜼 → 𝝁+𝝁−𝝁+𝝁−

CMS: PRL 131 (2023) 091903

The ULs are quite close to the SM predictions.



• ALPs in 𝜂′ → 𝜋+𝜋−𝑎, 𝑎 → 𝑒+𝑒−

• Dark photon in 𝜂/𝜂′ → 𝛾𝐴′, 𝐴′ → 𝑒+𝑒−

𝜼′ → 𝝅+𝝅−𝒂, 𝒂 → 𝒆+𝒆−

BESIII: PRD 109 (2024) 072001

BESIII: JHEP 07 (2024) 135
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BSM Physics in Dark Sector 

𝜼′ → 𝜸𝑨′, 𝑨′ → 𝒆+𝒆−

𝑱/𝝍 → 𝜸𝜼, 𝜼 → 𝜸𝑨′(𝒆+𝒆−)

𝑱/𝝍 → 𝜸𝜼′ → 𝜸𝝅+𝝅−𝜼, 𝜼 → 𝜸𝑨′(𝒆+𝒆−)

Combined

BESIII: PRD112, 052007 (2025)

Sensitive study of dark photon in 
𝜼 → 𝜸𝒆+𝒆− at HHaS arXiv:2506.11733

1011 h sample

1013 h sample



Marcin Zieliński‘s talk in Baryon2025

X17 in 𝜼 → 𝝅+𝝅−𝒆+𝒆−



SM PDG STCF Estimation Comment

𝜂 → 𝑒+𝑒− 10−9~10−10 < 7 × 10−7 (SND) < 10−9 • Dominant by 𝜂 → 𝛾∗𝛾∗ → 𝑙+𝑙− and 
intermediate hadronic states

• fourth-order EM transition 𝜂 → 𝜇+𝜇− 10−6~10−7 5.8 ± 0.8 × 10−6

SPECII
5.88 ± 0.09

× 10−6

𝜂 → 𝜋+𝜋− ~10−16 < 4.4 × 10−6 KLOE-2 < 7.8 × 10−8 • P and CP violation
• contribute to neutron EDM

𝜂 → 𝜋0𝜋0 < 3.5 × 10−4 GAMS4 < 6.9 × 10−7

𝜂 → 𝜋0𝑒+𝑒− 10−11 ~10−8 < 7.5 × 10−6 WASA < 2 × 10−7 • 𝜂 → 𝜋0𝛾∗ → 𝜋0𝑙+𝑙− C-violated
• 𝜂 → 𝜋0𝛾∗𝛾∗ → 𝜋0𝑙+𝑙− C-conserved

𝜂 → 𝜋0𝜇+𝜇− < 5 × 10−6 SPEC < 8.5 × 10−8

X. L. Kang, Y. Y. Ji, X. Q. Yuan, B. H. Xiang, et al, PRD 108 (2023) 014038

Sensitivity study of 𝛈 rare decays at STCF

• 1 trillion 𝐽/𝜓 events, 𝐉/𝛙 → 𝛄𝛈′, 𝛈′ → 𝛑+𝛑−𝛈 is used

• 5.2 billion 𝜂′ inclusive decays (Pseudo-data) are simulated ~2.2x109 h
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Conclusions

• 𝜂/𝜂′ serves as a perfect lab for SM precision test, fundamental symmetries, and probe 

new physics beyond SM

• Important results: decay dynamics, rare/forbidden decays, transition form factors, 

discrete symmetries ⋯

• With the proposed facilities, the light meson physics will be into a precision era

• ⋯ far from enough 𝜂/𝜂′ samples

25

Thanks for your attention!!!
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