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Introduction

§ The Standard Model (SM) of particle physics is one 
of the most successful scientific theories to date

- Its current formulation was established in the 1970s 

§ The SM has received extensive experimental support
- So far, no experimental result has conclusively 

contradicted the SM at the 5𝜎 level 

§ Yet, we know the SM is incomplete, as it leaves 
several observed phenomena unexplained

- It does not incorporate gravity

- It does not provide a viable dark matter candidate

- It does not fully explain the observed matter-
antimatter asymmetry

- …
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Introduction

§ Experimental strategies to search for BSM physics
- Energy frontier: direct searches at high-energy 

colliders
• Limited by cost and construction timescales of large 

facilities

• Examples: LHC, FCC, ILC, CEPC

- Intensity frontier: indirect searches via high-precision, 
high-intensity experiments
• Provides sensitivity to small deviations from Standard 

Model predictions

• Particularly powerful when SM predictions are precise 
or backgrounds are suppressed

• Examples: Belle II, BESIII, KLOE-2, etc.
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Introduction

§ The 𝜂 and 𝜂! decays as an intensity frontier laboratory
- The 𝜂 is a pseudo-Goldstone boson of the spontaneously broken chiral symmetry of QCD

- The 𝜂! is strongly affected by the 𝑈(1)" anomaly

- The 𝜂 and 𝜂! are eigenstates of 𝐶, 𝑃, 𝐶𝑃, and 𝐺: 𝐼#𝐽$% = 0&0'&

- All their additive quantum numbers are zero ⟹ flavour conserving decays

- Many strong and electromagnetic decays are suppressed at leading order by symmetries

- Their decays are largely free from SM background
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Perfect laboratory for stress-testing the SM in search of BSM physics
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Introduction
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Introduction

§ 𝜂 / 𝜂! factories
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Experiment Technique Total 𝜂
production

GlueX@JLAB
(running)

𝛾!"	$%&	 p → η	X → neutrals 5.5	×	10'/𝑦𝑟

JEF@JLAB
(approved)

𝛾!"	$%&	 p → η	X → neutrals 1.5	×	10(/𝑦𝑟

HIAF
(approved)

~10!)/𝑦𝑟

REDTOP
(proposed)

𝑝!.(	$%&	 Li → η	X 3.4	×	10!)/𝑦𝑟
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§ SM motivation
- To probe the non-perturbative regime of QCD and test 𝜒𝑃𝑇 and related chiral effective theories

§ BSM motivation
- Searching for BSM particles requires precise control of the SM background
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Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

§ Our approach: beyond 𝜒𝑃𝑇 via resonance dynamics
- Inspired by the resonance saturation hypothesis, we model the resonance exchanges at amplitude level

• Captures de physics encoded in LECs

• Avoids relying on a fixed-order chiral truncation, effectively resumming resonance contributions

- Vector resonances (𝑉) [Phys.Rev.D 102 (2020) 3, 034026]

• Vector Meson Dominance (VMD)

• Dominant contribution, well-established phenomenology

- Scalar resonances (𝑆) [Phys.Rev.D 102 (2020) 3, 034026]

• Linear Sigma Model

• Full one-loop propagators for 𝜎, 𝑓₀ and 𝑎₀ (Breit–Wigner inadequate for broad/near-threshold states)

- Tensor resonances (𝑇) [Phys.Rev.D 112 (2025) 11, 114009]

• Chiral-inspired framework for 𝑎₂ exchange

• Consistent with symmetry constraints
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§ VMD to assess vector exchange contributions
- Six diagrams corresponding to the exchange of 𝑉 = 𝜌0, 𝜔, 𝜙

with Lorentz structures

§ The decays 𝜂! ⟶ 𝜋0(𝜂)𝛾𝛾 are formally identical with 
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Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

Energy-dependent width 
in 𝜌! propagator



§ VMD to assess vector exchange contributions
- 𝑔)$* extracted directly from experiment (empirical couplings)
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§ VMD to assess vector exchange contributions 

- 𝑔)$* determined from a phenomenological model and a statistical fit to experimental data from 
𝑉𝑃𝛾 decays (model-based couplings)
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§ L𝜎M to assess scalar exchange contributions
- 𝜒𝑃𝑇 loops complemented with scalar meson poles. For the 𝜂 ⟶ 𝜋0𝛾𝛾 decay, one obtains

where
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§ L𝜎M to assess scalar exchange contributions
- The complete one-loop propagator is used to parameterise the propagation of the 𝜎, 𝑓0 and 𝑎0 scalar 

resonances

where 𝑀𝑅 is the renormalised mass of the scalar meson and Π 𝑠 is the 1PI two-point function

§ The amplitude for the 𝜂! ⟶ 𝜋0𝛾𝛾 decay gets contribution from the exchange of an 𝑎0
§ The amplitude for the 𝜂! ⟶ 𝜂𝛾𝛾 decay receives contributions from the exchange of a 𝜎 and an 𝑓0
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§ Theoretical predictions vs. measurements
- The square amplitude with vector and scalar exchange contributions is

- Summary of predictions and contributions

16Phys.Rev.D 102 (2020) 3, 034026Emilio Royo

Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

[Particle Data Group] 
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Results from 
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§ Theoretical predictions vs. measurements for 𝜂 ⟶ 𝜋0𝛾𝛾
- Updated prediction BR = 1.36 18 	×	10'+

- Vector exchanges dominate: 93%
• 𝜌: 27% of the signal

• 𝜔: 21% of the signal

• 𝜙: 0% of the signal

• 𝜌-𝜔-𝜙 interference: 52% of the signal

- Scalar exchanges negligible: ∼0%

- Vector-scalar interference: 7%

17Phys.Rev.D 102 (2020) 3, 034026Emilio Royo
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Updated with latest 
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§ Theoretical predictions vs. measurements for 𝜂 ⟶ 𝜋0𝛾𝛾

18Phys.Rev.D 102 (2020) 3, 034026Emilio Royo

Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

- Shape of the spectrum is well captured
• Normalisation offset with respect to

∘ A2 [BR = 2.54 27 	×	10!"]
∘ Crystall Ball [BR = 2.21 24 (47)	×	10!"]

• Good agreement with KLOE-2, BR = 0.98 11 13 ×	10./

- Discrepancy between measurements from different 
experimental collaborations
• Experimental situation needs to be settled (e.g., JEF, 

REDTOP)

[JHEP 01 (2026) 091]



§ Motivation for including the 𝑎₂(1320) tensor meson
- The 𝑎,(1320) couples strongly to 𝛾𝛾 and 𝜋𝜂, making the tensor exchange a natural contribution to 
𝜂 ⟶ 𝜋0𝛾𝛾

- It is observed in the crossed channel 𝛾𝛾 → 𝜋-𝜂 (Belle), so a consistent description of both processes 
requires its inclusion

- Scalar contributions have been shown by multiple independent analyses to be subdominant and 
insufficient to explain discrepancies. The tensor meson is the next natural candidate to explore

- The KLOE-2 vs A2/Crystal Ball tension and the subleading role of scalars motivate including tensor 
exchange

19Emilio Royo

Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

Phys.Rev.D 112 (2025) 11, 114009



§ 𝑎3(1320) tensor exchange contribution
- The Feynman diagram contributing to the process is

- The chiral Lagrangians for the tensor mesons required in the calculations are

where
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Careful with 
order of indices!



§ The 𝑔𝑇𝑃𝑃 and 𝑐𝑇𝛾𝛾 couplings are determined experimentally through

and
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§ The amplitude for 𝜂 ⟶ 𝜋0 (𝑎2 ⟶ 𝛾𝛾) is

where

and 𝑃(𝑝) is the four-momentum of the 𝜂 𝜋4

§ Likewise, the amplitude for 𝜂! ⟶ 𝜋0 (𝑎2 ⟶ 𝛾𝛾) is obtained by making the replacements 𝑚5 → 𝑚50
and cos𝜙6 → sin𝜙6
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§ Diphoton invariant mass distribution for 𝜂 ⟶ 𝜋0𝛾𝛾
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§ Unlike 𝜂 ⟶ 𝜋0𝛾𝛾, 𝛾𝛾 ⟶ 𝜂𝜋0 scattering data fix the sign of the vector-tensor interference, which 
is found to be destructive
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Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

Phys.Rev.D 112 (2025) 11, 114009

Fit to data

Belle data



§ Our prediction for 𝜂 ⟶ 𝜋0𝛾𝛾: BR = 1.17 17 	×	1078
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§ Our prediction for 𝜂 ⟶ 𝜋0𝛾𝛾: BR = 1.17 17 	×	1078
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Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

Using updated 
𝑔!"# values



§ 𝜂 ⟶ 𝜋0𝛾𝛾: Experimental and Theoretical Status

Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM
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- Our final prediction, including vector, scalar, and tensor 
resonance exchanges, is BR = 1.17 17 	×	10'+

- In very good agreement with KLOE-2 experiment     
BR = 0.98 11 (14)	×	10'+

- In tension (~4.3𝜎) with A2 Collaboration measurement 
BR = 2.54 27 	×	10'+

- Both theoretical predictions and experimental 
measurements show significant spread

[Phys.Rev.D 112 (2025) 11, 114009]

[JHEP 01 (2026) 091]

[Phys.Rev.C 90 (2014) 2, 025206]



§ Theoretical predictions vs. measurements for 𝜂! ⟶ 𝜋0𝛾𝛾
- Updated prediction BR = 2.78 21 	×	10'2

- Vector exchanges dominate: 100%
• 𝜌: 5% of the signal

• 𝜔: 78% of the signal

• 𝜙: ∼0% of the signal

• 𝜌-𝜔-𝜙 interference: 17% of the signal

- Scalar exchanges negligible: ∼0%

- Vector-scalar interference: ∼0%

- Tensor contribution negligible: ∼0%
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- Prediction compatible with BESIII measurement, 
BR = 3.10 7 23 	×	10'2
[Phys.Rev.D 96 (2017) 1, 012005]

Updated result
Phys.Rev.D 112 (2025)



§ Theoretical predictions vs. measurements for 𝜂! ⟶ 𝜂𝛾𝛾
- Updated prediction BR = 1.17 8 	×	10'+

- Vector exchanges dominate: 96%
• 𝜌: 57% of the signal

• 𝜔: 15% of the signal
• 𝜙: 1% of the signal
• 𝜌-𝜔-𝜙 interference: 23% of the signal

- Scalar exchanges NOT negligible: 16%
- Vector-scalar interference: -12%

29Phys.Rev.D 102 (2020) 3, 034026Emilio Royo

Rare 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾 decays in the SM

- Prediction compatible with BESIII
• BR = 8.25 3.41 0.72 	×	10.1

• BR < 1.33	×	10./ at 90% C.L.

- We await the experimental release of the 𝑚**
, spectrum

[Phys.Rev.D 100 (2019) 5, 052015]

[Phys.Rev.D 100 (2019) 5, 052015]

Corrected complete 
propagators
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§ SM results for 𝜂 ! ⟶ 𝜋0(𝜂)𝛾𝛾: vector/scalar exchanges (VMD, L𝜎M) and tensor 𝑎2(1320) included 
via a chiral model

§ 𝜂 ⟶ 𝜋0𝛾𝛾
• In excellent agreement with latest KLOE-2 measurement

• Vector-tensor interference relevant at low 𝑚**
, , identified as destructive from scattering data (Belle)

• Experimental tension among CB, A2, KLOE-2 calls for more precise measurements

§ 𝜂! ⟶ 𝜋0𝛾𝛾
• In good agreement with BESIII measurement

• Tensor contribution negligible

§ 𝜂! ⟶ 𝜂𝛾𝛾
• In good agreement with BESIII measurement

31Emilio Royo
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§ Many of the strong and EM 𝜂 and 𝜂! decays are suppressed at leading order due to symmetries
- Strong decays at lowest order

• 𝜂(3) → 2𝜋 and 𝜂 → 4𝜋 violate 𝑃 and 𝐶𝑃 invariance

• 𝜂(3) → 3𝜋 are suppressed by 𝐺-parity conservation

- First order EM decays
• 𝜂(3) → 2𝛾 are suppressed because they proceed through the anomaly

• 𝜂(3) → 3𝛾 violate 𝐶 invariance 

• 𝜂 → 𝜋5𝛾 violates 𝐶 invariance and angular momentum conservation

• 𝜂 → 2𝜋5𝛾 and 𝜂 → 3𝜋5𝛾 violate 𝐶 invariance 

• 𝜂 → 𝜋6𝜋.𝛾 is suppressed because it proceeds through the anomaly

• 𝜂(3) → 𝜋5𝑙6𝑙. violate 𝐶 as single-𝛾 process

• 𝜂3 → 𝜂𝑙6𝑙. violate 𝐶 as single-𝛾 process
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§ Updated 𝑔96: values from 𝑉 → 𝑃𝛾 and 𝑃 → 𝑉𝛾 decays
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§ Complete one-loop propagator

§ The pole mass and pole width of the resonance, 𝑀! and Γ!, are found from the pole equation on the 
second Riemann sheet

with

where Π"(𝑠) denotes the self-energy analytically continued to the second Riemann sheet

§ Parameters for the scalar resonances

35

with

and

𝑀78 = 498	MeV

𝑀79 = 550	MeV

Γ79 = 400	MeV

𝑀:!8 = 990	MeV

𝑀:!9 = 990	MeV

Γ:!9 = 15	MeV

𝑀;!8 = 980	MeV

𝑀;!9 = 980	MeV

Γ;!9 = 100	MeV

Phys.Rev.D 102 (2020) 3, 034026Emilio Royo
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§ Relative phase between the VMD and LσM amplitudes in 𝜂 ⟶ 𝜋0𝛾𝛾

36Phys.Rev.D 102 (2020) 3, 034026Emilio Royo
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§ Probing the relative phase of the tensor-exchange contribution via 𝛾𝛾 ⟶ 𝜂𝜋0
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Constructive interference in decay channel

Destructive interference in decay channel

Belle data
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§ Comparison of theoretical approaches for 𝜂 ⟶ 𝜋0𝛾𝛾 in the SM



§ The REDTOP experiment
- Concept: low-energy fixed-target meson factory operating in the high-intensity precision frontier

- Setup: 1.8 GeV proton beam on a target of 10 Li/Be foils, producing ~103+ 𝜂 mesons in three years

- Production: 𝜂/𝜂! production via intranuclear baryonic resonances [∆, N(1440), N(1535), ...] in nucleon-
nucleon collisions

- Detection principle: Prompt Cherenkov light from charged decay products, while most background 
particles remain below Cherenkov threshold

- Physics opportunities :
• New particle searches (BSM vectors, scalars, heavy neutral leptons, ALPs, …)

• Test of conservation laws (𝐶/𝐶𝑃 symmetries, lepton flavour universality)

• Non-perturbative QCD (light-quark masses, form factors, ...)

• Muon polarimetry (polarisation in decays, 𝐶𝑃 violation, …)
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