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In light of the recentmeasurement of the η → π0γγ decay by theKLOE-2 Collaboration, a previous analysis
including vector- and scalar-meson exchange contributions using thevectormesondominance and linear sigma
model frameworks, respectively, is extended in the present study to incorporate the effects of the a2ð1320Þ
tensormesonwithin a chiral context. Although the individual contribution of the a2 is negligible, its destructive
interferencewith thevector-meson resonances is found tobe significant, representing approximately 18%of the
total signal and substantially affecting the diphoton invariant-mass distribution, especially at low m2

γγ values.

The total decay rate is calculated to be Γðη → π0γγÞ ¼ 0.154ð22Þ eV, which corresponds to a branching ratio
of BRðη → π0γγÞ ¼ 1.17ð17Þ × 10−4. This result is approximately 5σ below the reported value of the particle
data group, 2.55ð22Þ × 10−4, while it is in very good agreement with the KLOE-2 measurement,
0.98ð11statÞð14systÞ × 10−4. In contrast, the total contribution of the a2 is found to be negligible in

η0 → π0γγ, as this process is completely dominated by the exchange of an on-shell ω vector resonance.

DOI: 10.1103/y661-zt9k

I. INTRODUCTION

The doubly radiative process η → π0γγ is a very rare
Standard Model meson decay channel that, despite having
a history of experimental measurements and theoretical
predictions spanning several decades [1–3], still remains a
subject of controversy regarding the underlying decay
mechanism and value of its decay width.
The experimental situation is far from conclusive, as

significant discrepancies among existing measurements
still exist. The first notable measurement was reported
by the GAMS-2000 Collaboration in 1984, with a branch-
ing ratio of 7.1ð1.4Þ × 10−4 [4] and an uncertainty of 20%.
More recent experimental analyses by the A2 and Crystal

Ball Collaborations yield substantially lower values with
improved accuracy. The most precise measurement comes
from the MAMI A2 experiment, which in 2014 and based
on 1200 events reported BRðη → π0γγÞ ¼ 2.52ð23Þ × 10−4

[5] with a 9% error. This value is consistent within
uncertainties with the measurement 2.21ð24statÞð47systÞ ×
10−4 [6] obtained by Crystal Ball in 2008 with fewer
statistics. However, the very recent measurement by the
KLOE-2 Collaboration based on 1246(133) events,
BRðη → π0γγÞ ¼ 0.98ð11statÞð14systÞ × 10−4 [7],1 chal-
lenges the higher values reported by A2 and Crystal
Ball, falling a factor of 2.6 below the A2 measurement.
From a theoretical point of view, this decay presents a

unique challenge to low-energy effective theories, as low-
order contributions from chiral perturbation theory either
vanish or are strongly suppressed, shifting the leading
contributions to unusually high orders in the chiral expan-
sion [9,10]. These higher-order effects are theoretically
understood in terms of meson-resonance exchanges, with
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1This new measurement corroborates the older KLOE result,
BRðη → π0γγÞ ¼ 0.84ð30Þ × 10−4 [8], based on a data sample of
only 68(23) events.
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vector mesons playing a dominant role. The implementa-
tion of these vector-meson exchanges has a significant
impact on the prediction of the decay width: the result
obtained with the full vector-meson propagator is a factor
of two larger than the one found by replacing the propa-
gators by contact terms [9]. Tree-level contributions at
Oðp6Þ due to the scalar a0ð980Þ and tensor a2ð1320Þ
resonances were also evaluated in Ref. [9], but these had
several sources of uncertainty, the most important being the
signs of the a0 and a2 contributions, which could not be
unambiguously fixed. The sign ambiguity of the scalar
contribution was fixed by the chiral unitary approach of
Refs. [11,12], in which the a0 was not introduced into the
amplitude in an ad hoc manner, but rather dynamically,
being generated through the coupled-channel rescattering
of the π0η and KK̄ intermediate channels. In Ref. [13], an
all-order estimate of the scalar contributions was calculated
using the linear sigma model framework, which allowed
assessing the relevance of the full scalar propagators. It
should be highlighted that Refs. [11–13] did not consider
the contribution of the a2ð1320Þ tensor meson. More
sophisticated unitarization methods for generating the
a0ð980Þ are based on dispersive approaches applied to
the crossing-symmetric amplitude of the production reac-
tion γγ → π0η [14,15]. These methods have demonstrated
good agreement with the γγ → π0η experimental data from
the Belle Collaboration [16], where the a2, modeled using a
Breit-Wigner parametrization, is also included. The theo-
retical predictions in all these works exhibit a wide range
of results, from BRðη → π0γγÞ ¼ 2.52ð61Þ × 10−4,
obtained using unitarized chiral perturbation theory [12],
to BRðη → π0γγÞ ¼ 2.22ð19Þ × 10−4 [14] and BRðη →
π0γγÞ ¼ 1.81þ0.46

−0.33 × 10−4 [15], using dispersive methods,
and BRðη → π0γγÞ ¼ 1.35ð8Þ × 10−4, from a VMD and
LσM analysis [13].
More important than the partial width for understanding

the underlying dynamics is the diphoton invariant-mass
distribution. It has long been put forward that the shape of
the distribution of this decay is rather sensitive to scalar
dynamics and, in particular, to the interplay between
vector- and scalar-resonance exchanges. Reference [12]
claimed that scalar contributions could lead to a significant
enhancement of the full distribution at high diphoton
invariant masses, but the present experimental uncertainties
per bin in the spectrum prevents the determination of the
role played by scalars. These effects may be tested in the
near future at the Jefferson Lab Eta Factory Experiment
(JEF) [17], where a new distribution measurement is
expected with enough precision to test theoretical mech-
anisms and potentially distinguish the contribution of the
vector-scalar interference from the pure vector one. In any
case, the role of scalar resonances remains unclear [3], as
the findings of Refs. [13–15] have revised earlier expect-
ations regarding their relevance, suggesting that their
impact on future high-precision η → π0γγ measurements

may be less significant than previously thought: Ref. [15]
incorporates scalar dynamics in their analysis and finds the
corresponding contributions to be suppressed; Ref. [14]
does not explicitly retain the scalar contributions in the
decay region and finds that they are not required to describe
the measured spectrum by A2; Ref. [13] also includes
scalars in their analysis, but finds their effect to be minimal,
with the spectrum instead dominated by VMD and showing
good agreement with the recent KLOE-2 measurement.
In this work, we evaluate the impact of the a2ð1320Þ

tensor-meson contribution to the decay η → π0γγ. Our goal
is to perform a dedicated study of this effect and show that
future high-precision measurements are likely to be more
sensitive to the vector-tensor interference than to the vector-
scalar one. For the present analysis, we extend our previous
VMD and LσM amplitudes of Ref. [13] by incorporating
the a2ð1320Þ tensor-meson exchange to the decay ampli-
tude. We find that the a2ð1320Þ contribution decreases
the decay width by approximately 14% compared to our
previous result [13]. We also investigate the contribution of
the a2ð1320Þ to the partner decay η0 → π0γγ. In this case,
the exchange of an on-shell ω resonance is by far the
dominant mechanism, resulting in a negligible contribution
of the a2.
This article is structured as follows. In Sec. II A, we

briefly review the theoretical frameworks for the vector-
and scalar-meson exchange contributions, and, in Sec. II B,
we introduce the formalism to include the a2ð1320Þ tensor-
meson contribution. In Sec. III, we present our predictions
for the decay widths and diphoton invariant-mass distri-
butions, as well as a discussion of the results. We conclude
this work with a summary and conclusions in Sec. IV.

II. THEORETICAL FRAMEWORK

A. Vector- and scalar-meson exchange contributions

The vector- and scalar-meson exchange contributions
can be calculated within the frameworks of vector meson
dominance (VMD) and the linear sigma model (LσM),
respectively. We briefly review these models here and refer
the reader to Ref. [13] for further details.
The vector-meson contributions to the η → π0γγ proceed

through the decay sequence η → Vγ followed by V → π0γ,
with a total of six diagrams contributing to the amplitude,
corresponding to the exchange of the vector-meson
resonances V ¼ ρ0;ω and ϕ in the t- and u-channels.
Combining the vertices Vηγ and Vπ0γ with the propagator
of the exchanged vector resonances, one arrives at the
VMD amplitude [13]

AVMD
η→π0γγ

¼
X

V¼ρ0;ω;ϕ

gVηγgVπ0γ

�ðP · q2 −m2
ηÞfag − fbg

DVðtÞ

þ
�
q2 ↔ q1
t ↔ u

��
; ð1Þ
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where t; u ¼ ðP − q2;1Þ2 ¼ m2
η − 2P · q2;1 are Mandelstam

variables, fag and fbg are the Lorentz structures

fag ¼ ðϵ1 · ϵ2Þðq1 · q2Þ− ðϵ1 · q2Þðϵ2 · q1Þ;
fbg ¼ ðϵ1 · q2Þðϵ2 · PÞðP · q1Þ þ ðϵ2 · q1Þðϵ1 · PÞðP · q2Þ

− ðϵ1 · ϵ2ÞðP · q1ÞðP · q2Þ− ðϵ1 · PÞðϵ2 · PÞðq1 · q2Þ;
ð2Þ

with P being the four-momentum vector of the η, and ϵ1;2
and q1;2 the polarization and four-momentum vectors of the
photons, respectively.
The function DVðq2Þ is the denominator of the Breit-

Wigner propagator of the exchanged vector meson. For the
ρ0 meson, we use Dρ0ðq2Þ ¼ m2

ρ0
− q2 − imρ0Γρ0ðq2Þ, with

the energy-dependent decay width given by

Γρ0ðq2Þ ¼ Γρ0

 
q2 − 4m2

π�

m2
ρ0
− 4m2

π�

!
3=2

θðq2 − 4m2
π�Þ; ð3Þ

whereas for the ω and ϕ mesons the usual Breit-Wigner
propagator with constant width is used. The amplitude
of the decay η0 → π0γγ is analogous to that of η → π0γγ
in Eq. (1), with the replacements m2

η → m2
η0 and

gVηγgVπ0γ → gVη0γgVπ0γ .
We note that while the most general VPγ couplings in

Eq. (1) are energy dependent, i.e., gVPγðq2Þ, in practice
this energy dependence vanishes as the photons are on-
shell and the corresponding couplings become just con-
stants [18,19]. For the current analysis, we determine the
values of the gVPγ couplings directly from experiment
rather than relying on any specific model [13,20–22],
rendering our treatment of the vector exchanges model
independent. Using the most up-to-date experimental
data from the particle data group (PDG) [1], we find
the values for the gVPγ couplings summarized in Table I.2

Concerning the scalar-meson exchange contributions to
η=η0 → π0γγ, we refer the reader to Ref. [13] for details. In
this reference, the scalar contributions are evaluated using
the LσM and a complete one-loop propagator is employed
to describe the propagation of the scalar resonances. This
analysis shows that scalar contributions are subdominant,
while vector-resonance exchanges largely saturate the
signal.

B. Contribution of the a2ð1320Þ
The Feynman diagram depicting the intermediate a2-

exchange contribution to the decay η → π0γγ is shown in
Fig. 1. In order to couple tensor mesons to pseudo-Nambu-
Goldstone bosons (pNGB), we follow the formalism
presented in Ref. [24].
The chiral Lagrangian required to describe the decay of a

tensor meson into two pseudoscalars is given by

LTPP ¼ gTPPhTμνfuμ; uνgi; ð4Þ

where Tμν is the matrix of tensor-meson fields, which reads

Tμν ¼

0
BBBBBB@

a0
2ffiffi
2

p þ f8
2ffiffi
6

p þ f0
2ffiffi
3

p aþ2 K�þ
2

a−2 − a0
2ffiffi
2

p þ f8
2ffiffi
6

p þ f0
2ffiffi
3

p K�0
2

K�−
2 K̄�0

2 − 2f8
2ffiffi
6

p þ f0
2ffiffi
3

p

1
CCCCCCA

μν

;

ð5Þ

and uμ is defined as

uμ ¼ iðu†∂μu − u∂μu†Þ; ð6Þ

TABLE I. PDG values [1] for the branching ratios of the
VðPÞ → PðVÞγ transitions and the corresponding gVPγ couplings.

Decay BR jgVPγj GeV−1

ρ0 → π0γ ð4.7� 0.8Þ × 10−4 0.22(2)
ρ0 → ηγ ð3.00� 0.21Þ × 10−4 0.48(2)
η0 → ρ0γ ð29.48� 0.35Þ% 0.393(7)
ω → π0γ ð8.33� 0.25Þ% 0.71(1)
ω → ηγ ð4.5� 0.4Þ × 10−4 0.136(6)
η0 → ωγ ð2.52� 0.07Þ% 0.122(2)
ϕ → π0γ ð1.33� 0.05Þ × 10−3 0.041(1)
ϕ → ηγ ð1.306� 0.024Þ% 0.2096(20)
ϕ → η0γ ð6.23� 0.21Þ × 10−5 0.216(4)

FIG. 1. Schematic diagram for the a2-exchange contribution to
the decay ηð0Þ → π0γγ.

2It should be noted that, from the theoretical expressions for
the decay widths and the experimental data, one can only
determine the absolute value of the gVPγ couplings, which is
what we show in Table I. However, one can determine the sign of
the couplings by making use of phenomenological models, such
as the one discussed in Refs. [22,23]. All gVPγ couplings are
found to be positive, except for gϕη0γ, which turns out to be
negative.
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with the usual choice of coset representative u ¼ e
i Φffiffi

2
p

Fπ and
pNGB field matrix

Φ ¼

0
BBB@

π0ffiffi
2

p þ η8ffiffi
6

p þ η0ffiffi
3

p πþ Kþ

π− π0ffiffi
2

p þ η8ffiffi
6

p þ η0ffiffi
3

p K0

K̄ K̄0 − 2η8ffiffi
6

p þ η0ffiffi
3

p

1
CCCA: ð7Þ

The partial decay width T → P1P2 can be calculated
from Eq. (4) making use of the polarization sum for
tensors [24] X

pol

ϵμνðqÞϵ�ρσðqÞ ¼ Pμν;ρσðqÞ; ð8Þ

where

Pμν;ρσðqÞ ¼
1

2
ðPμρPνσ þ PνρPμσÞ −

1

3
PμνPρσ;

Pμν ¼ gμν −
qμqν
m2

a2

: ð9Þ

Consequently, we find the following decay widths for the
two processes a2 → πηð0Þ

Γða2 → πηÞ ¼ 8p5ðma2 ; mπ; mηÞ
15πm2

a2

jgTPPj2
F4
π

cos2 ϕP; ð10Þ

and

Γða2 → πη0Þ ¼ 8p5ðma2 ; mπ; mη0 Þ
15πm2

a2

jgTPPj2
F4
π

sin2 ϕP; ð11Þ

with ϕP ¼ ð41.4� 1.0Þ° [25] being the η-η0 mixing angle
in the quark-flavor basis [23], and the three-momentum
pðmT;m1; m2Þ in the decaying-particle rest frame is
given by

pðmT;m1; m2Þ
¼ mT

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 − ðm1 þm2Þ2=m2

T �½1 − ðm1 −m2Þ2=m2
T �

q
:

ð12Þ

Using Eqs. (10) and (11), together with the total decay
width Γa2 ¼ 107ð5Þ MeV and the branching ratios
BRða2 → πηÞ ¼ 14.5ð1.2Þ% and BRða2→πη0Þ¼5.5ð9Þ×
10−3 [1], we find, respectively, the coupling strengths

jgTPPj ¼ 21.5ð1.0Þ MeV; ð13Þ

and

jgTPPj ¼ 22.4ð1.9Þ MeV: ð14Þ

Next, we investigate the decay of the a2 into two photons
using the chiral Lagrangian [26,27]

LTγγ ¼ cTγγhTμνΘ
μν
γ i; ð15Þ

where3

Θμν
γ ¼ fμþαf

ανþ þ 1

4
gμνfρσþ fþρσ; ð16Þ

and

fμνþ ¼ eðuQu† þ u†QuÞFμν;

Fμν ¼ ∂
μAν − ∂

νAμ; ð17Þ
with Aμ being the electromagnetic field, Fμν the electro-
magnetic field strength tensor, and Q ¼ diagf2=3;−1=3;
−1=3g the quark-charge matrix. From Eq. (15), we obtain
the expression for the a2 → γγ partial width4

Γða2 → γγÞ ¼ 8π

45
α2m3

a2 jcTγγj2; ð18Þ

which allows us to determine

jcTγγj ¼ 1.2 × 10−4 MeV−1; ð19Þ
with a negligible error, by making use of the corresponding
experimental branching ratio, BRða2 → γγÞ ¼ 9.4ð7Þ ×
10−6 [1].
Now, we can combine the a2π0ηð0Þ and a2γγ vertices

from Eqs. (4) and (15), respectively, with the tensor
propagator for the a2 [30] (cf. Fig. 1)

i
Pμν;ρσðsÞ

m2
a2 − s − ima2Γa2ðsÞ

; ð20Þ

where Γa2ðsÞ is the energy-dependent width of the a2
resonance, which in turn is given by [16]

Γa2ðsÞ ¼
X
X

ΓX1X2ðX3ÞðsÞ; ð21Þ

3There is some inconsistency in the literature regarding the
definition of Θμν

γ . In Refs. [26,27], it is written as in Eq. (16) of
this work, while Ref. [28] employs

Θμν
γ ¼ fμþαf

ανþ þ 1

4
gμνfρσþ fþρσ ;

which differs in the ordering of the indices in the first factor,
leading to a relative sign due to the antisymmetry of the
electromagnetic tensor. Moreover, some authors (see, e.g.,
Refs. [14,29]) retain only the first term in Θμν

γ , while Ref. [15]
employs a different interaction LTγγ . We have carefully examined
the symmetric energy–momentum tensor and find that the correct
form is that given in Ref. [26].

4Note that the second term in Eq. (16) does not contribute for
an on-shell tensor.
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with X1X2ðX3Þ standing for ρπ, ηπ, KK̄, γγ, and ωππ. The partial width ΓX1X2
is parametrized as [16,31]

ΓX1X2
ðsÞ ¼ Γa2BRða2 → X1X2Þ

�
qXðsÞ

qXðm2
a2Þ
�
5 D2ðqXðsÞra2Þ
D2ðqXðm2

a2Þra2Þ
; ð22Þ

where Γa2 is the total decay width at the resonance mass, qXðsÞ ¼
ffiffiffi
s

p
=2 ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½1 − ðmX1

þmX2
Þ2=s�½1 − ðmX1

−mX2
Þ2=s�

q
,

the Blatt-Weisskopf barrier factors are defined as D2ðxÞ ¼ 1=ðx4 þ 3x2 þ 9Þ, and ra2 is an effective interaction radius
which is fitted in Ref. [16] and found to be 3.09þ0.53

−0.55 ðGeV=cÞ−1. For the three-body decay, ΓωππðsÞ ¼ Γa2BRða2 →
ωππÞs=m2

R is used in place of Eq. (22).
The invariant amplitude for the tensor contribution to the η → π0γγ decay can, thus, be written as

Aa2
η→π0γγ

¼ 32e2

3F2
π
gTPPcTγγ cosϕPPμpν

Pμν;ρσðsÞ
m2

a2 − s − ima2Γa2ðsÞ

×

�
gραqβ1q

σ
2 þ gσβqρ1q

α
2 − gραgσβðq1 · q2Þ − gαβqρ1q

σ
2 þ

1

2
gρσ½gαβðq1 · q2Þ − qβ1q

α
2�
�
ϵ�αðq1Þϵ�βðq2Þ; ð23Þ

where PðpÞ is the four-momentum of the ηðπ0Þ. This
amplitude is fully determined, up to the overall sign of
the product of coupling constants gTPPcTγγ .

5 Similarly, the
amplitude for the contribution of the a2 to the decay
η0 → π0γγ can be obtained from Eq. (23) with the replace-
ments mη → mη0 and cosϕP → sinϕP.

III. RESULTS AND DISCUSSION

With the amplitude derived in the previous section, we
are now ready to present our results. These are obtained
using the standard formula for three-body decays [1],
with the total amplitude written as the coherent sum of
the vector-, scalar-, and tensor-exchange contributions,
A ¼ AVMD þALσM þAa2 .
First, a remark on the sign of the product of couplings

gTPPcTγγ of the tensor-exchange amplitude is in order.
While this sign is irrelevant for the stand-alone contribution
of the a2ð1320Þ, it becomes crucial when assessing its
interference with the other exchanged resonances. To fix it,
we make use of the crossing-symmetric amplitude for the
scattering process γγ → π0η evaluated in the relevant
kinematic region. We find that only the positive sign
provides an unambiguous and satisfactory description of
the a2 line shape in the γγ → π0η scattering data from the
Belle Collaboration [16]. This conclusion is further sup-
ported when our amplitude is fitted to the experimental
data, since the positive sign yields a clearly improved fit.6

We note that this choice translates into a destructive
interference in the decay region.
In Table II, we provide our numerical results for the

individual contributions to the decay width coming from
vector-, scalar-, and tensor-meson exchanges, along with
their corresponding interferences. The total decay width is
also presented, Γðη → π0γγÞ ¼ 0.154ð22Þ eV, where the
quoted error of approximately 14% is due to the uncer-
tainties of the VMD and tensor couplings. As can be seen,
the contribution from the exchange of vector mesons
dominates with about 108% of the total signal. The second
most important contribution arises from the destructive
interference between the a2ð1320Þ tensor meson and the
vector mesons, which represents approximately 18% of
the signal. This constitutes the main result of this work.
The remaining contributions come from the interference
term between the vectors and the scalar, accounting for 8%,
from the individual a2ð1320Þ-exchange contribution,
representing approximately 1.3% of the signal, and from

TABLE II. Individual contributions and total prediction for the
η → π0γγ decay width (upper part). Comparison of our branching
ratio with experimental measurements (lower part).

Term Value (in eV)

Vectors (V) 0.1661
Scalars (S) 0.0005
a2 0.0020
V-S interference 0.0121
V-a2 interference −0.0270
Γth 0.1538

BRth 1.17ð17Þ × 10−4

BRexp (PDG [1]) 2.55ð22Þ × 10−4

BRexp (KLOE-2 [7]) 0.98ð11statÞð14systÞ × 10−4

5This point is discussed further in the following section.
6Specifically, we performed a fit to the Belle γγ → π0η

scattering data, leaving the relative phase between the tensor
contribution, Aa2 , and the vector-scalar part, AVþS, as a free
parameter. The best-fit value obtained was approximately 0°,
corresponding to the positive sign discussed in the main text.
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the scalar meson exchanges, which accounts for about
0.3%.7 Finally, the scalar-tensor interference is insignificant
and can be completely neglected. In this table, we
also show the integrated branching ratio along with
the corresponding experimental values. We predict
BRðη → π0γγÞ ¼ 1.17ð17Þ × 10−4, representing a decrease
of approximately 14% with respect to the value obtained
when excluding the contribution of the a2ð1320Þ,
1.36ð18Þ × 10−4 [13].8 A comparison of our prediction
with experimental measurements shows that it is about 5σ
below the value reported by the PDG, 2.55ð22Þ × 10−4 [1],
while it is only approximately 0.8σ above, and hence in
perfect agreement with, the recent measurement by the
KLOE-2 Collaboration, 0.98ð11statÞð14systÞ × 10−4 [7].
Furthermore, compared with other recent theoretical cal-
culations, our prediction is about 1.5σ and 4.4σ away from
the results from Ref. [15], Γðη → π0γγÞ ¼ 0.237þ0.060

−0.043 eV,

and Ref. [14], Γðη → π0γγÞ ¼ 0.291ð22Þ eV, respectively.9
On the other hand, our central value shows a discrepancy
of about 50% with respect to the chiral unitarized result
Γðη → π0γγÞ ¼ 0.33ð8Þ eV [12] obtained neglecting the
contribution of the a2 resonance. As noted, both the
experimental and theoretical situations remain inconclu-
sive, making future measurements, such as the forthcoming
measurement from the JEF experiment at JLab [17], crucial
for resolving the issue.10

We next analyze the shape of the decay spectrum. The
different contributions to the m2

γγ invariant-mass distri-
bution are shown in Fig. 2.11 Vector-meson exchanges
(dashed red line) clearly dominate the entire spectrum.
However, the contribution of the destructive vector-
tensor interference (dot-dashed green line) remains
significant. In contrast, the comparatively small individ-
ual tensor contribution (dotted orange line) is only
noticeable at low diphoton invariant masses. The doubly
differential decay widths shown in Fig. 3 provide further
information on the tensor contribution: in the upper-
and lower-left panels we present, respectively, the
Dalitz plots of the total squared amplitude jAVþSþa2 j2
in terms of ðm2

γγ; m2
γπ0

Þ and ðm2
γγ; cos θÞ,12 whereas in the

FIG. 2. Total (black solid) and individual contributions to the η → π0γγ invariant-mass distribution dΓ=dm2
γγ .

7At first glance, one might naively expect the contribution
from the scalar exchange to exceed that of the tensor exchange,
based on the masses of the corresponding resonances and the
available phase space. However, it is important to note that
regions of phase space with decreasing m2

γγ are kinematically
enhanced, with the collinear photon final-state configuration,
m2

γγ ¼ 0, being strongly favored. In conjunction with this, the
Lorentz structure associated with a spin-0 exchange enforces a
vanishing squared amplitude at m2

γγ ¼ 0, which results in an
additional suppression of the scalar contribution. This effect is not
observed in higher-spin exchanges because their Lorentz struc-
tures are richer.

8The branching ratio from Ref. [13] has been updated using the
latest VPγ couplings (cf. Table I), and the associated error has
been corrected to account for the interference between the three
vector mesons, which had previously been omitted.

9Note that Refs. [14,15] consider the decay η → π0γγ from
dispersive amplitudes originally developed to describe the scat-
tering γγ → π0η data from the Belle Collaboration [16], with the
a2 resonance modeled as a Breit-Wigner.

10We will return to this point later.
11The stand-alone scalar and the scalar-tensor interference

contributions are so small (cf. Table II) that they have been
omitted in the figure.

12θ is the angle between the π0 and one photon in the diphoton
rest frame.
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right-hand side panels, we display the ratio
jAVþSþa2 j2=jAVþSj2, plotted in terms of the same vari-
ables, highlighting the effect of the tensor-meson reso-
nance, which appears as a reduction of the distribution
around m2

γπ0
∼ 0.15 GeV2 and cos θ ∼ 0.

In Fig. 4, we compare our predictions for the m2
γγ

invariant-mass distribution (black solid line) with the
experimental data from the A2 [5], Crystal Ball [6] and
KLOE-2 [7] Collaborations (left plot), and with the
theoretical predictions from Refs. [12,14,15] (right plot).

FIG. 3. Dalitz plots for the full squared amplitude jAVþSþa2 j2 of the decay η → π0γγ (left) and for the ratio jAVþSþa2 j2=jAVþSj2
(right).

FIG. 4. Left: comparison between the A2 (blue circles) [5], Crystal Ball (red squares) [6] and KLOE-2 (green triangles) [7]
measurements of the η → π0γγ invariant-mass distribution, dΓ=dm2

γγ , and our prediction (black solid line) based on vector-, scalar-, and
tensor-meson exchanges. The orange dashed line is the prediction from Ref. [13], where the contribution of the a2ð1320Þ was not
included. Right: our prediction (black solid) compared to data, and to the theoretical results from Refs. [14] (magenta dotted), [15]
(green dash-dotted) and [12] (brown dashed).
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The left-hand side plot also shows the result from Ref. [13],
updated with the most recent radiative couplings, where the
a2 contribution is not included (orange dashed line). It is
important to note the discrepancy of around 2σ at low m2

γγ

between the black solid and orange dashed lines, which
highlights the importance of the tensor-meson contribution.
It can be seen that our prediction is in excellent agreement
with the recent KLOE-2 measurement, whereas it is
approximately a factor of 2 smaller than the data from
A2 and Crystal Ball across the spectrum. In addition, it
deviates from the dispersive analysis of Ref. [15] (magenta
dotted line in the right plot) at low diphoton masses, with
this discrepancy reduced to within errors for large m2

γγ ,
while the deviation with respect to the result of Ref. [14]
(green dash-dotted line) persists across the spectrum.13 The
prediction from Ref. [12], which does not include the a2
contribution explicitly, is also shown for completeness
(brown dashed line). The discrepancies between experi-
mental results, as well as theoretical calculations, strongly
motivate new measurements in ongoing experiments, such
as JEF [17], or future η-factories, e.g., the proposed
REDTOP experiment [32], the super-τ-charm facility
[33], or the η-factory at HIAF [34]. In fact, the projected
measurements by the JEF experiment, with an estimated
uncertainty of approximately 5% after 100 days of beam
time [3,17], could be sufficient to assess the vector-tensor
interference and distinguish it, for the first time, from pure
vector contributions.

Although the a2 exchange contribution plays a signifi-
cant role in η → π0γγ and can be probed with precise
experimental measurements, the decay η0 → π0γγ is over-
whelmingly dominated by the VMD mechanism [13], in
particular by the exchange of an ω resonance, which can go
on-shell due to the available phase space. The VMD
predictions from Ref. [13] yield BRðη0 → π0γγÞ ¼
2.82ð20Þ × 10−3 and BRðη0 → π0γγÞ ¼ 3.57ð25Þ × 10−3,
depending on whether the VMD couplings are determined
directly from experiment, with the most recent radiative
couplings, or fixed using a phenomenological model. These
values are compatible with the experimental result from
BESIII, BRðη0 → π0γγÞ ¼ 3.20ð7Þstatð23Þsyst × 10−3 [35],
and including the contribution of the a2ð1320Þ resonance
reduces the branching ratio by only about 1.4%, yielding
BRðη0 → π0γγÞ ¼ 2.78ð21Þ × 10−3 for the empirical-
coupling case, which is negligible compared to the exper-
imental uncertainty of approximately 8%. The diphoton
spectrum predicted by VMD is displayed in the left-hand
plot of Fig. 5 (orange dashed line), providing a satisfactory
description of the distribution measured by BESIII [35].
The black solid line includes, in addition, the contribution
from the tensor exchange, yielding a result that is only
marginally smaller than the pure VMD prediction and fully
compatible within uncertainties. This confirms that the
effect of a2 in this process is negligible at the current level
of precision. As a result, the associated Dalitz distribution
(cf. right-hand plot in Fig. 5) does not provide information
on the tensor resonance, with the two narrow bands
corresponding to the effect of the ω vector resonance.

IV. SUMMARY AND CONCLUSIONS

In this work, we have performed a detailed analysis of
the a2ð1320Þ-exchange contribution to the decay η → π0γγ,
which is primarily driven by vector-meson exchanges, with

FIG. 5. Left: comparison between the BESIII (blue circles) [35] measurement of the η0 → π0γγ invariant-mass distribution, dΓ=dm2
γγ ,

and our prediction (black solid line) based on vector-, scalar-, and tensor-meson exchanges. The orange dashed line is the prediction
from Ref. [13], where the contribution of the a2ð1320Þ was not included. Right: Dalitz plot for the decay η0 → π0γγ.

13The cusp atm2
γγ ≈ 0.078 GeV2 in the analyses of Refs. [14,15]

corresponds to the S-wave πþπ− contribution to the process
amplitude, which is suppressed by isospin conservation. At the
amplitude level, wework in the isospin limit and, thus, this effect is
absent in our computations. By inspecting the spectrum of Lu et al.
[15], one sees that this effect is small, and neglecting it is therefore
justified. An explanation of why this effect is relatively large in the
result of Danilkin et al. [14] can be found in Ref. [15].
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subleading scalar contributions [3,13]. Our results show
that, although the individual contribution of the a2ð1320Þ is
negligible, its destructive interference with vector-meson
resonances plays a significant role (cf., Fig. 2) and notice-
ably modifies the diphoton invariant-mass distribution,
particularly at low m2

γγ values (cf., Fig. 4). This effect
decreases the decay rate to Γðη → π0γγÞ ¼ 0.154ð22Þ eV,
corresponding to a branching ratio of BRðη → π0γγÞ ¼
1.17ð17Þ × 10−4 (cf., Table II), which is 14% smaller than
our previous result without the tensor contribution [13].
Our new prediction is in excellent agreement with the
recent measurement from the KLOE-2 Collaboration [7].
Figure 6 summarizes the state-of-the-art experimental
measurements and theoretical calculations for the partial
decay width Γðη → π0γγÞ. The inconclusive situation
provides strong motivation for new and more precise
measurements, such as those at the JEF experiment at
JLab [17], which may shed light on the interplay of meson
resonances and, in particular, distinguish the vector-tensor
interference from the pure VMD mechanism. In addition,
improved measurements at future super η=η0-factories, such
as REDTOP [32] or HIAF [34], or at the proposed super
tau-charm facility [33], will provide deeper insight into the
underlying dynamics.
We have also extended the analysis of the η0 → π0γγ

decay by including the a2 exchange. However, this process

is overwhelmingly dominated by the exchange of vector
resonances, in particular the exchange of an intermediate
virtual ω that can resonate due to the available phase space.
The contribution of the a2 results in an insignificant
decrease in the branching ratio of approximately 1.4%.
Finally, our findings motivate the study of tensor-meson

contributions in semileptonic decays η=η0 → π0lþl− ðl ¼
e; μÞ [18,36], which proceed through η=η0 → π0γ�γ� fol-
lowed by the conversion γ�γ� → lþl−. In addition, the
inclusion of tensor-meson exchanges may help further
constrain the parameter space of new hypothetical dark-
sector particles, such as leptophobic vector bosons
[19,37,38] or scalar particles [3,39], in the MeV–GeV
mass range. These investigations are left for future work.
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FIG. 6. Status of experimental measurements of the decay
width Γðη → π0γγÞ (upper panel), including the results from the
GAMS-2000 [4], Crystal Ball [6], A2 [5], and KLOE-2 [7]
Collaborations, compared to theoretical predictions of χPT at
Oðp4Þ [9], Oset et al. [12], Danilkin et al. [14], Lu et al. [15], and
Escribano et al. [13] (using updated empirical VPγ couplings).
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