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The BESIII Collaboration has recently reported two measurements of the two-photon decay width of the
n. meson. The 2024 result is significantly larger than most theoretical and empirical expectations, while a
subsequent measurement published in early 2026 shows better agreement with the world average and
conventional theoretical estimates. In this work, we study the 1. — yy and J/w — yn, processes within a
contact interaction model that incorporates valence-quark anomalous magnetic moment effects, which are
absent in standard treatments. Besides achieving agreement with modern lattice QCD estimates for these
observables, we find that the 2024 central value for#, — yy lies above the range that could be accommodated
by the present framework, whereas the 2026 result is naturally consistent with it.
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I. INTRODUCTION

Two-photon couplings of pseudoscalar mesons provide a
unique window into different facets of quantum chromo-
dynamics (QCD): from anomaly-driven processes in the
light sector [1-4], governed by dynamical chiral symmetry
breaking (DCSB) [5], to short-distance dominated proc-
esses in heavy quarkonia, where factorization and pertur-
bative methods become applicable [6,7]. In this context, the
two-photon decay of the 7. serves as a benchmark for
charmonium dynamics and a sensitive probe of QCD. Over
the years, the decay width T', _,,, has been measured by
many groups, including two recent (and seemingly contra-
dictory) determinations by the BESIII Collaboration in
2024 [8] and 2026 [9]. The former reports a value that
exceeds the world average, I'T°S, = 5.1 + 0.4 keV [10],
by more than 36. Most theoretical predictions also disfavor
the 2024 determination, including lattice QCD [11-13],
nonrelativistic QCD [7,14-16], the light-front Hamiltonian
approach [17], and continuum Schwinger methods (CSMs)
[18-20]. By contrast, the 2026 BESIII result lies closer
to conventional expectations. The tension between these
two BESIII measurements, obtained within the same
Collaboration, complicates a straightforward interpretation
and underscores the need for further clarification before the
n. — yy width can be regarded as a settled observable.
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In light of the current experimental situation, it is timely
to revisit the 7. — yy decay, together with the associated
J/w — yn. process, from a theoretical standpoint. In
particular, one should assess whether relevant physical
effects have been overlooked or only partially accounted
for in conventional approaches. The 7. meson exhibits a
nontrivial internal structure shaped by the nonperturbative
dynamics of QCD. Among these effects is the emergence of
a valence-quark anomalous magnetic moment (AMM). For
light quarks, it is sizable and comparable in magnitude to
the anomalous chromomagnetic moment [21,22], and may
also induce non-negligible contributions in the charm sector.
The strength of the AMM is, in fact, related with that of
DCSB. Within the 7., the AMM of its valence-constituents
can be interpreted as an effective magnetic dipole that
directly influences its interaction with photons [21]. While
previous studies have often neglected this effect or treated it
within a mostly perturbative perspective [14], it remains
worthy of a dedicated analysis. Lying at the interface
between the DCSB (soft physics) and perturbative domains,
the charm quark provides a natural setting to investigate the
transition between these regimes, and so the 77, — yy decay
offers an ideal platform to explore how AMM effects
interpolate between soft and hard dynamics.

In principle, as discussed in Refs. [21,22], the quark
AMM can be incorporated in a rigorous and self-consistent
manner within CSMs. Over the years, this approach has led
to a deeper understanding of the structure of the quark
propagator and its implications for hadron spectroscopy;
see, e.g., Refs. [23-25]. However, while detailed analyses
of y*y®*) - neutral pseudoscalar transitions exist, e.g.,
Refs. [18-20], these do not allow for a systematic
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incorporation or a clear disentanglement of AMM contri-
butions. As a first step toward filling this gap, we examine
the n. —» yy and J/yw — yn. processes within the sym-
metry-preserving CSM scheme developed in Ref. [26]. In
particular, we employ an illustrative contact interaction (CI)
model that incorporates AMM effects in a phenomeno-
logical yet symmetry-consistent manner. This contrasts
with earlier studies of two-photon transitions to heavy
quarkonia [27,28], where AMM effects were neglected and
the corresponding decay widths were not reported.

It is worth noting that the CI model is not intended for
high-precision quantitative predictions. As demonstrated in
studies of various anomalous processes [29-32], its main
utility lies in preserving key symmetries of QCD and its
nonperturbative character, while offering a transparent and
controllable framework to explore the qualitative impact of
dynamical mechanisms—such as the AMM effect—on
hadronic observables. Accordingly, our analysis does not
aim to rule out or validate any experimental measurement
in an absolute sense. Instead, we evaluate whether a given
measurement can be accommodated within this symmetry-
preserving, self-consistent framework under reasonable
parameter variations, particularly those associated with
the AMM contributions. A lack of compatibility would
indicate either the need for additional dynamical contribu-
tions beyond the AMM effect or motivate further exper-
imental scrutiny; it should not be interpreted as a statement
on the correctness of the measurement itself. With this
caveat in mind, we evaluate the impact of the AMM effect
within the CI model. Even after its inclusion, the predicted
decay widths remain below the 2024 BESIII central value
across reasonable parameter choices, while being compat-
ible with the 2026 measurement. This points to a tension
that warrants further clarification through independent
experimental input and more refined theoretical analyses.

The manuscript is organized as follows. In Sec. II, we
present the CI model formalism, including the relevant one-
and two-body equations, the corresponding diagrams, as
well as the parameter-fixing procedure. The resulting
masses and decay constants are presented in Sec. IIC,
while Sec. III is devoted to the evaluation of decay widths.
Finally, a brief summary is given in Sec. IV.

II. FORMALISM

A. One- and two-body equations

The CI model is characterized by the following con-
struction for the gluon propagator D, :

1
gzD/w(p_CI) :5;!11_2’ (1)
mg

together with a tree-level structure for the corresponding
quark-gluon vertex ',

a

I(q.p) = X (2)

Here mg plays the role of an effective gluon mass scale,
which is believed to emerge in QCD as a manifestation of
the Schwinger mechanism [33,34].

The f-flavored dressed-quark propagator, S;, can be
expressed as

S (p) =iy - p+ My, (3)
where the momentum-independent quantity M, plays the

role of a constituent quark mass and is determined from the
corresponding gap equation,

16 M,

Mr=m +—/4‘ , 4

P )y + M “)

with m, denoting the current quark mass, and [, = (2"!47‘)’4

representing a Poincaré invariant integration.

Note that the integral in Eq. (4) is divergent and, in general,
the CI yields both logarithmic and quadratic divergences. The
symmetry-preserving regularization scheme developed in
Ref. [35] allows one to handle these divergences by classify-
ing the resulting integrals into two types,

1 R
s ) .

/ 9.9y R I'a+2)
g (@ + M) 2T (a +3)

5//”’[132(1(‘/\/12)’ (6)

where we have defined,

_ A2
,L.al erM

i
IR Ne= | Tdr—————. 7
R e AT =)

The quantities z;, = 1/A,;, and 7, = 1/A,, denote the IR
and UV cutoffs, respectively. The former is of the order of
A, ~ Agcp and yields a confinement-compatible description
by eliminating quark production thresholds. The ultraviolet
scale A, plays a dynamical role and cannot be removed. Its
preferred range of values is discussed below.

Our description of quark-antiquark bound states, as well
as the quark-photon vertex (QPV), extends that of the
conventional rainbow-ladder (RL) truncation in the CI
model, e.g., Refs. [36,37]. Here we adopt the modified
rainbow-ladder (MRL) truncation introduced in Ref. [26].
Among its desirable features, this scheme generates an
AMM term in a self-consistent and fully dynamical
manner. The Bethe-Salpeter equations (BSEs) for the
H-meson amplitude, I'y;, and the quark—photon vertex, I,
are given by
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4
TalP)=-32
GJq

[Va)(H( )= ECjxu(P )f“] (8)

4

[Q) = 1= 5 | [ratsl@ra = PITS]. 9)

where P and Q denote the meson and photon momenta,
respectively. Owing to the CI prescriptions, neither amplitude
depends on the relative momentum between the quark and
antiquark. The Bethe-Salpeter wave function reads y(q; P) =
S(¢)T'(q; P)S(q — P), and the un-amputated QPV y,(g; P)
is defined analogously. The beyond rainbow-ladder compo-
nent is defined by I'j = {Lys.ic,,/ v/6}, with the dimen-
sionless parameter ¢ controlling its strength. This term
encodes the dynamically generated AMM, which is expected
to be flavor dependent.

The pseudoscalar (P) meson BSA, vector (/) meson
BSA, and QPV can be decomposed into the following
general structures:

1
Ip(P) = iysEp(P) + 7 vsy - PEp(P), (10)
1
F}t}(P)_}'ﬂEV(P)+ﬁO-ﬂuPUFV(P)7 (11)
r/l( ) = YﬂfL(Qz) + 7/€fT(Q2> Y ﬂUQl/fA(QZ)a
(12)
with  y1(P) =y, —%Pﬂ, vE=v,-vl and M=

2M M), /(M,+ M), where f and h denote the valence
quark and antiquark flavors in the meson H. For quarkonia
systems, M = M.

Being solutlons of a homogeneous BSE, the BSAs must
satisfy the canonical normalization condition in order to
yield physical observables. This condition reads,

2P, =t | Cu=PIS@Tn(P) 5 S(a =P, (13

where the trace is taken over color, flavor, and spinor
indices. The leptonic decay constants of pseudoscalar and

vector mesons, respectively, can be then obtained via the
following expressions:

VAP, fp =1t / sruS(@)TrsS(q—PY.  (14)

VImyfy =35, / L S@VS(g—P).  (15)

With the relevant propagators and vertices in hand, together
with the properly normalized BSAs, we now proceed to

compute the radiative decays and form factors. This is
described below.

B. Radiative decays in the impulse approximation

The matrix elements describing the processes P — y*y
and V — y*P read, respectively,

Tll)l’y(kl ; kZ) = engyeﬂvpak/l,kgGPy (kl’ kZ)’

T)jf(k.’); k4) = egVPEyupakngFVP(ki% k4)' (16)
Herein, k; and k3 denote the momenta of the off shell
photon (y*) in each process, while k, corresponds to the
on shell photon (y) in the two-photon transition and k4 to
the pseudoscalar meson momentum in V — y*P. The
couplings gp, and gyp are defined such that the associated
form factors are normalized as Gp,(0,0) =1 and
Fyp(0,0) = 1. With these definitions, the corresponding
decay widths are given by

1
Tp, = ngm G, M,
1 2 — m2\ 3
Iyp = gaemg]z)P <V2TVP> . (17)

Both processes admit a description within the impulse
approximation, where the external probe couples to a single
valence constituent and the rest act as spectators. At a
truncation level consistent with the present one- and two-
body framework, this leads to

T% (ks ko) = 2tr / 1S(g)iT,(—k)S(g + ki)

x TP (ky + ky)S(q — k)il (=ks)],
TYP (ks k) = 2tr / S(g)T(=ka)S(q + k)
U (ks + ka)S(q — kg)il,(=ks)],  (18)

where the trace is taken over the color and spinor indices,
and the overall factor of 2 in each expression originates
from the fact that we consider quarkonia systems. The on-
shell meson conditions entail (k; + k,)* = —m% = k3,
(k3 + k4)2 = —m%,.

It is worth noting that regularization subtleties may affect
results involving an odd number of y5 matrices. In line
with previous analyses of anomalous processes within the
CI model [29,31], we adopt the representation:

1
Vs = _ﬁeabcdyaybycyd- (19)
A more general treatment on the regularization subtleties

can be found in Ref. [30]. The remaining task is to
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determine the free parameters that define the CI in the
charmonium sector.

C. Parameter determination

Since the earliest studies of heavy quarkonia in the CI
model [27,28], it has been suggested that the ultraviolet
cutoff should depend on the mass sector under consideration;
in particular, for systems with heavier quarks, A,, should
exceed the standard light sector value A,, ~ 0.9 GeV. This
extended momentum range corresponds to a more localized
structure in coordinate space, as expected for heavier
systems [5]. Typical charmonium scales correspond to
A, 22 GeV, e.g., Refs. [38,39]; accordingly, we explore
the range A,, = 2-2.5 GeV.

The role of the infrared cutoff, as noted previously, is to
prevent quark production thresholds, and its standard value,
A =0.24 GeV ~ Agcp, does not require modification.
Similarly, the chiral anomaly fixes & = 0.151 [29]. The
range £ = 0-0.151 shall be explored later in order to better
elucidate the role of the AMM. As far as the meson
spectrum is concerned, the choice of £ would only affect the
vector channel [26].

The remaining mass-dimensioned parameters, m,. and
mg, are fixed by reproducing the masses of the ground-state
pseudoscalar and vector mesons, namely 7. and J/y.
Together with A,,,, these constitute the only free parameters
in our scheme. Their values, along with the resulting
constituent masses, are listed in Table I; the corresponding
meson masses and leptonic decay constants are reported in
Table II. Clearly, the computed m, and m;,, faithfully
reproduce the experimental values reported by the Particle
Data Group (PDG) [10], and the associated leptonic decay
constants compare favorably with lattice QCD (1QCD)
results [40,41].

TABLE 1. Left: lower and upper values of A,, and the
correponding parameters mgs and m,.. Right: the resulting con-

III. RESULTS AND DISCUSSION

Let us start this discussion by highlighting key aspects of
QPV in the present framework. According to Eq. (12), the
vertex decomposes into a longitudinal component f;, and
two transverse components fr and f 4. The last component
arises dynamically within the MRL truncation, respects all
relevant symmetries, and vanishes in the limit & — 0.
Combined with Eq. (9), one finds that £, (Q?) = 1, thus
ensuring the preservation of the longitudinal Ward-Green-
Takahashi identity [42-44].

In the ultraviolet limit, Q> — co, the asymptotic behav-
ior of the two transverse components are

fr(Q% = ) = 1, fa(Q* = ) >0, (20)
such that the QPV recovers the point-particle profile
I“M(Q2 — 0) — 7, due to the vanishing of nonperturbative
dressing effects in this limit. In the soft regime Q2 =0,
we find f7(0) = 1 and f4(0) # 0 for £ # 0. The f, term
thus induces a dynamical enhancement of the bare vertex y,,
reflecting the DCSB-driven contributions associated with the

AMM. The soft-limit values of the QPV dressing functions,
together with their slopes,

PP (] B (1)

0Q2 Q2:0

are summarized in Table III for both u/d and charm quarks.
The AMM correction for the ¢ quark is significantly smaller
than that for the light u#/d quarks, amounting to roughly one
half, 1/2. Likewise, the slopes of the dressing functions are

TABLEIII. QPYV dressing functions and their slope at Q% = 0,
mass units in GeV. The results for c-quark are the average value,
with the standard error listed. Relevant data on light quarks is
cited from Ref. [31], with the parameter A,, = 0.905 GeV.

stituent mass M. In all cases, A;. = 0.24 GeV and & = 0.151. fff fﬁ Rff R£
Mass units in GeV.
u/d 1.0 0.043 0.4933 0.0556
Ay me m, M. Cavg- 1.0 0.023(1) 0.0161(5) 0.0022(3)
2 0.4048 1.1927 1.54613
2.5 0.5476 1.0578 1.50008
TABLEIV. Decay widths I'p, and I'yp (in keV), together with
the corresponding coupling constants |gp, | and |gyp| (in GeV™),
for the charmonium processes 7. — y*y and J/y — y*n.. The
TABLEIIL. Average values and standard errors of meson masses errors in the IQCD evaluation from Ref. [13] have been combined

and leptonic decay constants obtained using the parameter ranges
in Table I. Experimental masses from PDG [10], and decay

in quadrature.

constants from 1QCD [40,41]. Mass units in GeV. \97?7| lgvp] p, Iyp
MRL,,,. PDG MRL,,  1QCD RL,,, 0.075(1)  0.780(6)  6.23(18)  2.01(3)
MRL,,, 0.082(6)  0.798(17)  7.48(109)  2.11(9)

my,  2.98408(7) 2.98414)  f,  0.261(10) 0.278(2)  1QCD [13]  0.078(1)  0.819(6) 6.79(6) 2.22(3)
my,,  3.09687(4) 3.096900(6) f;,, 0212(2) 0.286(4)  1QCD [45] 0.077(10) 0.834(18)  6.67(17)  2.30(10)
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less pronounced. These findings are consistent with expect-
ations: as the quark mass increases, nonperturbative (DCSB-
driven) effects are suppressed, so that quarks behave
increasingly like pointlike particles, reflected in a reduced
AMM contribution and a less pronounced Q> dependence of
the QPV.

Having discussed essential aspects of the quark-photon
interaction, we now turn to the evaluation of the decay
widths and coupling constants associated with the proc-
esses 7, — y*y and J/w — y*n,, defined in Eq. (16). The
computed results for RL. and MRL truncation are listed in
Table IV. The first row reports the averaged RL results,
corresponding to £ = 0, while the second row presents
the MRL expectations. In the latter, we consider not only
the preferred value £ = 0.151 (see Table I), but also its
variation over the range £ = 0-0.15 1." Recent 1QCD results
from Refs. [13,45] are also shown for comparison. Both RL
and MRL scenarios show compatibility with lattice QCD.
However, the J/w — y*n. case is better described by the
MRL truncation. Moreover, both the decay widths and
the couplings associated to 5, — y*y and J/w — y*n,. are
enhanced in the MRL case, highlighting the contribution of
the AMM to the electromagnetic interaction. The corre-
sponding uncertainties are visibly larger, as the full varia-
tion range of £ is considered, further emphasizing the
influence of the AMM. The Q” dependence of these
transitions is briefly discussed in the Appendix.

Regarding the variation of &, it is important to recall that
this parameter weights contributions beyond the RL trun-
cation, which are responsible for the emergence of the
AMM term. Since these contributions are driven by the
strength of DCSB, they are expected to be flavor dependent
and to have a stronger impact in the light-quark sector
[21,22]. In the absence of a first-principles determination, it
is therefore reasonable to adopt £ = 0.151, fixed in the light
sector [29], as an upper bound. Accordingly, in Fig. 1 we
display the &-dependence of the decay width I'[i. — yy],
including a standard error arising from the range considered
for the ultraviolet cutoff A,,. Unsurprisingly, the decay
width grows as the strength of the AMM increases [46].

A comparison of our results for I'[. — yy] with many
theoretical approaches and phenomenological extractions is
presented in Fig. 2. Our assesment shows clear compati-
bility with a range of theoretical predictions, including
other CSM studies with more sophisticated numerical
implementations [18,20], 1QCD evaluations [12,13], and
the most recent 2026 BESIII extraction [9], which aligns
with the world-average [10]. Despite this fact and even
though our results are significantly lower than the 2024
BESIII measurement [8], this cannot be conclusively ruled
out at the present level of sophistication.

'Note that for every value A,, and &, mg and m,. are fitted to

produce the experimental values m, and mj,,.

12_ ]
11 r — Aw=2GeV ]
E 10F .
= gl — Aw=25Gev i
!
T 8r 7
< 4L i
=
6_ -
5- PR S S S [ S SR S S [ S S S S R S S S |
0 0.05 0.10 0.15 0.20
4
FIG. 1. The &-dependence of the I'[n, — yy] decay width.

The band denotes the uncertainty associated with the varia-
tion of A,,, where the upper (lower) bound corresponds
to A,, =2 GeV(2.5 GeV).

J. Chen et al. (2016) °
F. Feng et al. (2017)

K. Raya et al. (2019) °
R. Li et al. (2019)

C. Liu et al. (2020) [T1]

Y. Meng et al. (2021) n

HPQCD (2023) [
Wang et al. u =m, (2025)
Wang et al. u4 =1 GeV (2025)
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1

1

1

1

1

1

1
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Y. Li et al. 2021) :
1
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1
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1
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1

BELLE (2012) e
1
BESIII (2012) T
1

BESIII (2024) I

BESIII (2026)

-15 -10 -5 0 5 10 15
F(ne—>yy) [keV]

FIG. 2. T[y. — yy] compared with other theoretical predictions
and experimental measurements [8,9,11-18,20,47,48]. Our result
is indicated by a vertical dashed line with its corresponding
uncertainty band; this is the result reported in the second row of
Table IV. The central value corresponds to the average over the
parameter ranges ¢ = 0-0.151 and A, = 2-2.5 GeV, while the
uncertainty reflects the combined effect of the parameter varia-
tions, dominated by the dependence on &.

IV. SUMMARY

In this work, we have examined the 7, — yy and
J/y — yn, radiative decays within a symmetry-preserving
CI model. The present framework extends previous inves-
tigations of these transitions within the CI model by
systematically and dynamically incorporating the effects
of the quark anomalous magnetic moment. To date, such
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effects have also not been properly disentangled in QCD-
connected approaches with momentum-dependent inter-
actions. Our main objective was to examine whether the
AMM contribution helps reconcile the results with the
2024 BESIII measurement of the decay width I'[. — yy],
which lies above typical values, as well as with the most
recent 2026 BESIII extraction.

Our study shows that, while quark AMM effects
can indeed increase the decay widths under consideration
within a reasonable parameter range, they are not suffi-
cient on their own to explain the 2024 BESIII results.
Nevertheless, the inclusion of the AMM does lead to
improved agreement with phenomenological expectations
and 1QCD results for the 5. — yy and J/yw — yn,. decays.
In this sense, the framework naturally accommodates the
2026 BESIII results as well as the current world average.

At the present level of precision, this outcome does not
allow a definitive judgment on the validity of either
measurement. What it does make clear, however, is the
presence of a tension; the 2024 value falls outside the
range naturally described by the CI + AMM framework,
while the 2026 result is well-accommodated. This suggests
that the situation is not yet settled, and that the 2024
measurement may benefit from further experimental scru-
tiny. On the theory side, more refined approaches would
also be valuable to improve the picture.
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APPENDIX: TRANSITION FORM FACTOR

As a supplement to the main text, we provide the
transition form factor (TFF). Our result of . — y*y is
shown in Fig. 3. This is compared with a previous CSM
assessment [18], and the experimental extraction from
BABAR [49]. Owing to the momentum-independent nature
of the CI model, the Q>-dependence of the form factor

1 ————————

= 0.50 li !@
o
& EE@%
g ® 1.-7*y ~ Experiment (BaBar) +
= - = ne>y*y ~ DSE-RL (Chen et al. )

0.10f — ne—7*y ~ DSE-MRL (This work)

J/y—y*n. ~ DSE-MRL (This work)
0.05% . . . . ]
05 1 5 10 50
Q[GeV?]
FIG. 3. Two-photon transition form factor of the 7. meson,

compared to a momentum-dependent RL evaluation [18], and
experimental data from BABAR [49]. The J/y — y*5, is also
included.

shows a milder falloff. Nevertheless, the difference between
our momentum-independent result and the momentum-
dependent one [18], is not as pronounced as one finds for
the pion case (see, e.g., Ref. [29]). The J/yw — y*n. TFF is
also included in Fig. 3. This exhibits a steeper falloff
compared 7, — y*y, as is likewise observed in analogous
processes involving the p — z mesons [50].

A typical way to quantify the hardness of TFFs is
through the interaction radius, defined for a given form
factor F as follows:

6 0F(0Q?)
F(0) 90?

= (A1)

02=0
Herein, we obtain r,, =0.133(1) fm and r,;,_, =
0.28(1) fm. The r,, radius lies below estimates from
momentum-dependent RL computations [19], IQCD eval-
uations [51], and phenomenological extractions [52];
respectively, r, , ~0.16,0.14,0.17 fm. The TJ . radius
is likewise expected to be smaller than that obtained within
a momentum-dependent interaction.

Notwithstanding these differences in the absolute scale,
the ratio r,,/r,, =~ 1/5 is preserved, provided r,, is
computed consistently within the same framework
(in our case, within the CI model [29]). This suggests that
the CI effectively induces an overall rescaling of radii while
preserving the relative hierarchy between light- and heavy-
quark systems.

In any case, a comprehensive momentum-dependent
treatment with explicitly identifiable AMM effects is not
yet available.
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