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Abstract
Hadronic  and radiat ive  decays of  l ight  mesons prov ide  a  un ique
laboratory  to  test  low-energy  Quantum Chromodynamics and search
for  new physics  beyond the  Standard Model .  Recent  years  have
brought  advances in  theoret ica l  and exper imenta l  approaches
throughout  the  hadron and part ic le  phys ics  community .  New
exper imenta l  data  wi l l  soon offer  cr i t ica l  input  to  prec ise ly
determine e .g . ,  the  l ight  quark  mass rat ios ,  meson mix ing
parameters ,  and hadronic  contr ibut ions to  the  anomalous magnet ic
moment  of  the  muon.  The approaches prov ide  sensi t ive  probes to
test  potent ia l  new physics  inc luding searches for  h idden photons ,
l ight  Higgs scalars ,  and ax ion- l ike  par t ic les  that  are  complementary
to  wor ldwide effor ts  to  detect  new l ight  par t ic les  be low the  GeV
mass scale ,  as  wel l  as  tests  of  d iscrete  symmetry  v io lat ion.  Experts
and respect ive  communit ies  wi l l  d iscuss updates on theoret ica l
developments ,  exper imenta l  s t rategies ,  and ident i fy  fur ther
research.  

Sensitivity of the
η(′) → π0γγ and η′ → ηγγ
decays to a sub-GeV
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Why is it interesting to study η/η′ physics?

• Quantum numbers IGJP C = 0+0−+:
— Eigenstates of the C, P, CP and G operators
— Flavor conserving decays ⇒ laboratory for symmetry tests
— All their strong and EM decays are forbidden at lowest order
— The η is a pseudo-Goldstone boson
— The η′ is largely influenced by the U(1) anomaly

• Large amount of data have been collected:
— A2@MAMI, BESIII, CLAS, CrystalBall, GlueX, KLOE(-II), WASA

• More to come:
— JEF, REDTOP
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Why is it interesting to study η/η′ physics?

• Unique opportunity to:
— Test chiral dynamics at low energy
— Extract fundamental parameters of the Standard Model (light quark masses,

η-η′ mixing)
— Study of fundamental symmetries: P&CP and P&CP violation
— Looking for BSM physics ⇒ Dark sector

• Theoretical methods:
— ChPT and its extensions (large-Nc)
— Vector-meson dominance
— Dispersion theory
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Selected η/η′ decays

• High priority η(′) decays for experiment and theory
(L. Gan, B. Kubis, E. Passemar and S. Tulin, 2007.00664)

Decay channel Standard Model Discrete symmetries BSM particles
η(′) → π+π−π0 light quark masses C/CP violation scalar bosons
η(′) → γγ η-η′ mixing, width — —
η(′) → ℓ+ℓ−γ (g − 2)µ — Z ′, dark photon
η(′) → π0γγ and higher-order χPT, — U(1)B boson,
η′ → ηγγ scalar dynamics scalar boson
η(′) → µ+µ− (g − 2)µ, precision tests CP violation —
η(′) → π0ℓ+ℓ− — C violation scalar bosons
η(′) → π+π−ℓ+ℓ− (g − 2)µ — ALP, dark photon
η(′) → π0π0ℓ+ℓ− — C violation ALP
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η → π0γγ decays: Theoretical motivation
• SM motivation:

Reference Γ(η → π0γγ) [eV]
O(p2), O(p4) tree-level χPT 0
π + K loops at O(p4) 1.87 × 10−3

Experimental value (pdg) 0.34(3)

η O(p2), O(p4)

π0

γ

γ

η
O(p4)

π0

γ

γ

π, K
π, K

— 1st sizable contribution comes at O(p6), but LEC’s are not well known
— To test ChPT and a wide range of chiral models, e. g. VMD and LσM
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• BSM motivation: search for a B boson via η → Bγ → π0γγ
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Vector meson exchange contributions
• Six diagrams corresponding to the exchange of V = ρ0, ω, ϕ

η(P )
gV ηγ

V

gV π0γ
π0

γ(ϵ1, q1) γ(ϵ2, q2)

AVMD
η→π0γγ =

∑
V =ρ0,ω,ϕ

gVηγgVπ0γ

[
(P · q2 − m2

η){a} − {b}
DV (t) +

{
q2 ↔ q1
t ↔ u

}]
,

• Mandelstam variables and Lorentz structures given by:

t, u = (P − q2,1)2 = m2
η − 2P · q2,1 ,

{a} = (ϵ1 · ϵ2)(q1 · q2) − (ϵ1 · q2)(ϵ2 · q1) ,

{b} = (ϵ1 · q2)(ϵ2 · P )(P · q1) + (ϵ2 · q1)(ϵ1 · P )(P · q2)
− (ϵ1 · ϵ2)(P · q1)(P · q2) − (ϵ1 · P )(ϵ2 · P )(q1 · q2)
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η → π0γγ decays: VMD calculation
• Six diagrams corresponding to the exchange of V = ρ0, ω, ϕ

η(P )
gV ηγ

V

gV π0γ
π0

γ(ϵ1, q1) γ(ϵ2, q2)

AVMD
η→π0γγ =

∑
V =ρ0,ω,ϕ

gVηγgVπ0γ

[
(P · q2 − m2

η){a} − {b}
DV (t) +

{
q2 ↔ q1
t ↔ u

}]
,

• gV P γ couplings:
— Model-based:

LV V P = G√
2

ϵµναβtr [∂µVν∂αVβP ] , LV γ = −2egf2
πAµtr [QVµ] ,

— Empirical: measured Γexp
V (P )→P (V )γ

widths

• The decays η′ → {π0, η}γγ are formally identical: gV ηγgV π0γ → gV η′γgV {π0,η}γ
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Input for the gV Pγ couplings

• gV P γ couplings fixed from the measured widths (P = π0, η, η′)

Γexp
V →P γ = 1

3
g2

V P γ

32π

(
m2

V − m2
P

mV

)3

, Γexp
P →V γ =

g2
V P γ

32π

(
m2

P − m2
V

mP

)3

,

Decay Branching ratio (pdg) |gVP γ | GeV−1

ρ0 → π0γ (4.7 ± 0.6) × 10−4 0.22(1)
ρ0 → ηγ (3.00 ± 0.21) × 10−4 0.48(2)
η′ → ρ0γ (28.9 ± 0.5)% 0.40(1)
ω → π0γ (8.40 ± 0.22)% 0.70(1)
ω → ηγ (4.5 ± 0.4) × 10−4 0.135(6)
η′ → ωγ (2.62 ± 0.13)% 0.127(4)
ϕ → π0γ (1.30 ± 0.05) × 10−3 0.041(1)
ϕ → ηγ (1.303 ± 0.025)% 0.2093(20)
ϕ → η′γ (6.22 ± 0.21) × 10−5 0.216(4)
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LσM for the scalar resonance contributions
• χPT loops complemented by the exchange of scalar resonances,

a0(980), κ, σ, f0(980), e.g.:

η(′)

π0

γ

γ

a0(980)

K+

K−
ALσM

η(′)→π0γγ
=

2α

π

1
m2

K+
L(sK){a} × ALσM

K+K−→π0η(′) ,

• Scalar amplitudes:

ALσM
K+K−→π0η(′) =

1
2fπfK

{
(s − m2

η(′) )
m2

K − m2
a0

Da0 (s)
cos φP +

1
6

[
(5m2

η(′) + m2
π − 3s) cos φP

−
√

2(m2
η(′) + 4m2

K + m2
π − 3s) sin φP

]}
,

• Complete one-loop propagator for the scalar resonances:

DR(s) = s − m2
R + ReΠ(s) − ReΠ(m2

R) + iImΠ(s) ,
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η → π0γγ predictions

• Our theoretical prediction BR = 1.35(8) × 10−4

(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— VMD dominates:
— ρ: 27% of the signal
— ω: 21% of the signal
— ϕ: 0% of the signal
— interference between

ρ-ω-ϕ: 52%
— interference between

scalar and vector
mesons: 7%
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η → π0γγ predictions
• Comparison with experimental data

(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— Shape of the A2 and
Crystal Ball spectra is
captured well
(normalization offset)

— Good agreement
with (preliminary)
KLOE data
(talk by Giovanella)
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η′ → π0γγ predictions
• Our theoretical prediction BR = 2.91(21) × 10−3

(Escribano, SGS, Jora, Royo, Phys.Rev.D 102, 034026 (2020))

— VMD completely dominates:
— ω: 78% of the signal
— ρ: 5% of the signal
— ϕ: 0% of the signal
— interference: 17%
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η′ → π0γγ predictions
• Our theoretical prediction BR = 2.91(21) × 10−3 (Phys.Rev.D 102, 034026 (2020))

• First time mγγ invariant mass distribution by BESIII;
BR = 3.20(7)(23) × 10−3 (Ablikim et. al. Phys.Rev.D 96, 012005 (2017))
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η′ → ηγγ predictions
• 1st BR measurement by BESIII, BR = 8.25(3.41)(0.72) × 10−5 or

BR < 1.33 × 10−4 at 90% C.L. (Ablikim et. al. Phys.Rev.D 100, 052015 (2019))

• Our theoretical predictions BR = 1.17(8) × 10−4

(R. Escribano, S. G-S, R. Jora, E. Royo, Phys.Rev.D 102, 034026 (2020))

— VMD predominates
(91% of the signal)

— Substantial scalar
meson effects (16%)

— Interference between
scalar and vector
mesons (7%)

• We look forward to the release of the mγγ spectrum
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Leptophobic B boson model
• New boson arising from a new U(1)B gauge symmetry

Lint =
(

1
3gB + εQqe

)
q̄γµqBµ − εeℓ̄γµℓBµ ,

— Couples (predominantly) to quarks
— gB new gauge (universal?) coupling, αB = g2

B/4π

— Preserves QCD symmetries (C, P, T )
— B is a singlet under isospin:

IG(JP C) = 0−(1−−) ⇒ B is ω meson like
— ε = egB/(4π)2: (subleading) γ-like coupling to fermions

• Searches depend on the mass mB and decay channels
• Searches on meson decays are gaining attention

— ϕ → ηB → ηπ0γ (KLOE-II), η → π0γγ (JEF), η → π+π−γ (Belle-II)
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Calculation of hadronic processes
• Following the conventional VMD picture, LV γ → LV B

— Aµ → Bµ , e → gB and Q = 1/3 , LV B = −2 1
3 gBgf2

πBµtr [V µ] ,

ΓB→π0γ = αBαemm3
B

96π3f2
π

(
1 − m2

π

m2
B

)3

|Fω(m2
B)|2 ,B

ω

ρ0

π0

γ

↓
LV B

→ LV V P

−→ LV γ S. Tulin, Phys.Rev.D 89 (2014) 114008
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Previous limits on αB and mB

• Assuming the Narrow-Width Approximation (NWA)

BR(η → π0γγ) = BR(η → Bγ) × BR(B → π0γ) ,

• QCD contribution off

• BR(η → π0γγ) < BRexp at 2σ

— BR(η → π0γγ)exp = 2.21(53) × 10−4

— BR(η′ → π0γγ)exp < 8 × 10−4 (90% C.L.)

— BR(η′ → ηγγ)exp no data

αB that are independent ofmB for
ffiffiffi
s

p
≫ mB [24,27].

The strongest limit formB < GeV has been obtained
from Υð1SÞ, giving αB < 0.014 [27].

Lastly, we consider B → eþe− signals, which fall within
the scope of A0 searches. In a sense, these constraints are
orthogonal to other observables since they probe the
leptonic couplings of B. Although such couplings are
not likely to be absent, their magnitude is subject to an
additional model dependence. Resonance searches by
WASA and KLOE have placed stringent limits on
BRðπ0 → A0γ → eþe−γÞ and BRðϕ → A0η → eþe−ηÞ,
respectively, where the A0 is assumed to decay promptly
on detector time scales [57,58]. To constrain leptonic B
decays, we impose these constraints to the quantities

BRðπ0 → BγÞ × BRðB → eþe−Þ × feff ;

BRðϕ → ηBÞ × BRðB → eþe−Þ × feff : ð6Þ

Here, feff is an (experiment-dependent) efficiency factor that
accounts for signal reduction due to nonprompt B decays.
For simplicity, we approximate feff ≈ 1 − expð− L

cτÞ, where
cτ is theB decay length (neglecting relativistic γ factors) and
L is the physical scale within which a decay would be
considered prompt. Although limits we present for these
channels should be regarded as approximate, we have taken
L ¼ 1 cm to be conservative since the true detector geometry
is larger [57,58].

These constraints are shown in Fig. 2 in terms of αB and
mB. The left and right panels correspond to different values
of kinetic mixing parameter ε. The thick black lines, which
show how current constraints from radiative light meson
decays constrain the B boson, are the new result from this
work. We emphasize that these limits have been applied
with respect to the total rate assuming that the QCD
contribution is zero. Substantial improvements could be
made by searching for π0γ resonances in these processes.

IV. CONCLUSIONS

Light meson decays offer a window into discovering new
forces below the GeV scale. While there exists a broad
experimental program of searching for new light weakly
coupled forces, the main focus has been on the dark photon
A0 and signatures arising from its leptonic couplings. In this
work, we have considered new signatures from a new light
force, the B boson, coupled to baryon number. Although
the B boson couples predominantly to quarks, it may be
observed in rare radiative decays of η; η0;ω;ϕ mesons as a
π0γ resonance. Such a search may be easily incorporated
into the physics programs at existing and future light meson
facilities.
Since it is likely for B to couple to leptons at some level,

one may wonder: if a new light resonance is observed in
lþl−, how can B be distinguished from A0? If the mass is
above mπ , the presence of a π0γ resonance signal would be
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FIG. 2 (color online). Limits on baryonic gauge boson coupling αB and mass mB, for different values of kinetic mixing para-
meter ε. Thick black contours are current exclusion limits from radiative light meson decays based on their total rate (assuming the
QCD contribution is zero). Dashed gray contours illustrate the reach of possible future constraints at the level of BRðη → Bγ →
π0γγÞ < 3 × 10−6 [50], BRðη0 → Bγ → πþπ−π0γÞ < 10−4, and BRðη0 → Bγ → ηγγÞ < 10−4. Shaded regions are exclusion limits
from low-energy n-Pb scattering and hadronic Υð1SÞ decay. Hatched regions are excluded by A0 searches from KLOE [58] and WASA
[57]. A0 limits applied to B are model dependent, constraining possible leptonic B couplings. Limits shown here are for ε ¼ egB=ð4πÞ2
(left plot) and 0.1 × egB=ð4πÞ2 (right plot). Gray shaded regions show where B has a macroscopic decay length cτ > 1 cm.
Dotted contours denote the upper bound on the mass scale Λ for new electroweak fermions needed for anomaly cancellation, assuming
Λ≲ 4πmB=gB.

NEW WEAKLY COUPLED FORCES HIDDEN IN LOW- … PHYSICAL REVIEW D 89, 114008 (2014)

114008-5

S. Tulin, Phys.Rev.D 89 (2014) 114008
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Present limits on αB and mB

• Assuming the Narrow-Width Approximation (NWA)

BR(η → π0γγ) = BR(η → Bγ) × BR(B → π0γ) ,

• QCD contribution off

• BR(η → π0γγ) < BRexp at 2σ

— BR(η → π0γγ)pdg
exp = 2.56(22) × 10−4

— BR(η → π0γγ)KLOE
exp = 1.23(14) × 10−4

B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409

— BR(η′ → π0γγ)exp = 3.20(7)(23) × 10−3

M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005

— BR(η′ → ηγγ)exp = 8.25(3.41)(72) × 10−5

M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015
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η → π0γγ decays: B boson calculation
• Two diagrams corresponding to the exchange of a B boson

η

ω, φ

ω, φ B

ω

γ

ρ γ

π0

AB boson
η→π0γγ

= gBηγ(t)gBπ0γ(t)
[

(P · q2 − m2
η){a} − {b}

m2
B − t − i

√
t ΓB(t)

+
{

q2 ↔ q1
t ↔ u

}]
,

• gBP γ couplings:

gBπ0γ(t) =
√

2egB

4π2fπ
Fω(t) , gBηγ(t) =

egB

12π2fπ

1
√

3

[
(cθ −

√
2sθ)Fω(t) + (2cθ +

√
2sθ)Fϕ(t)

]
,

• Energy-dependent width

ΓB(q2) =
γB→ℓ+ℓ− (q2)

γB→ℓ+ℓ− (m2
B)

ΓB→ℓ+ℓ− θ(q2 − 4m2
ℓ )

+
γB→π0γ(q2)

γB→π0γ(m2
B)

ΓB→π0γθ(q2 − m2
π0 )

+
γB→ππ(q2)

γB→ππ(m2
B)

ΓB→ππθ(q2 − 4m2
π)

+
γB→3π(q2)

γB→3π(m2
B)

ΓB→3πθ(q2 − 9m2
π)
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New limits on αB and mB

• Not assuming the NWA
• QCD contribution on
• BRVMD+Bboson < BRexp at 2σ

— BR(η → π0γγ)pdg
exp = 2.56(22) × 10−4

— BR(η → π0γγ)KLOE
exp = 1.23(14) × 10−4

B. Cao [KLOE], PoS EPS-HEP2021 (2022) 409

����

��� ��� ��� ��� ��� ���
��-�

��-�

��-�

�����

�����

�����

�

• Limits strengthened by one order of magnitude

Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
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π0γ mass distribution
• These constraints would make a B boson signature suppressed
• π0γ distribution will be very welcome (JEF?)

——
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New limits on αB and mB

• Not assuming the NWA

• QCD contribution on

• BR < BRexp at 2σ

— BR(η′ → π0γγ)exp = 3.20(7)(23) × 10−3

M. Ablikim et.al [BESIII], Phys.Rev. D 96 (2017) 012005

— BR(η′ → ηγγ)exp = 8.25(3.41)(72) × 10−5

M. Ablikim et.al [BESIII], Phys.Rev. D 100 (2019) 052015
• Sharp dip when mB ∼ mω

• Bounds 4 orders of
magnitude weaker than
η → π0γγ
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Summary
• Within the VMD and LσM frameworks we have described

— η → π0γγ: the situation is not conclusive

BR = 1.35(8) × 10−4


∼ 1/2 of BR = 2.54(27) × 10−4 (A2, 2014)

∼ 1.6σ from BR = 2.21(24)(47) × 10−4 (CB, 2008)

agrees with BR = 1.23(14) × 10−4 (KLOE prel., 2022)
— η′ → π0γγ: in fair agreement with BESIII data
— η′ → ηγγ: in line with BESIII data

• Sensitivity to B boson has been analyzed
• Constraints on αB, mB have been strengthened by one order of magnitude

from η → π0γγ

• The contribution of new experiments (A2, JEF, REDTOP), will be very
welcome!
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Summary
Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
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Individual contributions
Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
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Individual contributions
Escribano, SGS, Royo, Phys.Rev.D 106, 114007 (2022)
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Interference phase between VMD and LσM
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η(′) → {π0, η}ℓ+ℓ− decays (ℓ = e, µ)
• In the SM:

— η → π0γ∗ → π0ℓ+ℓ− forbidden by C and CP

— η → π0ℓ+ℓ− proceed via C-conserving two-photon
intermediate state

Decay channel BRth (Escribano&Royo 2007.12467) BRexp (pdg)

η → π0e+e− 2.1(1)(2) × 10−9 < 7.5 × 10−6 (CL=90%)
η → π0µ+µ− 1.2(1)(1) × 10−9 < 5 × 10−6 (CL=90%)
η′ → π0e+e− 4.6(3)(7) × 10−9 < 1.4 × 10−3 (CL=90%)
η′ → π0µ+µ− 1.8(1)(2) × 10−9 < 6.0 × 10−5 (CL=90%)
η′ → ηe+e− 3.9(3)(4) × 10−10 < 2.4 × 10−3 (CL=90%)
η′ → ηµ+µ− 1.6(1)(2) × 10−10 < 1.5 × 10−5 (CL=90%)

• Background for BSM searches, e.g. C-violating virtual photon
exchange or new scalar mediators

• REDTOP can improve the experimental state

η

π0

ℓ+

ℓ− 4 / 5



Fits to the η → π0γγ decays
• Crystal Ball: αB = 0.40+0.07

−0.08 , mB = 583+32
−20 MeV , χ2

dof = 0.4/5 = 0.1
• KLOE: αB = 0.049+40

−27 , mB = 135+1
−135 MeV , χ2

dof = 4.5/5 = 0.9

• signatures outside mπ0 ≲ mB ≲ mη may be visible
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