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Analysis of the doubly radiative decays n") — 7%y andn’ — nyy Sergi Gonzalez-Solis

1. Introduction

In this contribution, we study the rare, doubly radiative decay n — 7%yy, as well as the partner
reactions ” — n’yy and 5’ — 5yy. The reason to study the decay 7 — 7’y is manifold. On the
one hand, this process has attracted the attention of the Chiral Perturbation Theory community over
the years as this reaction is an excellent laboratory to test the predictive power of this theory. In detail,
the resulting tree-level calculations at O(p?) and O(p*) vanish because in the chiral Lagrangian there
is no direct coupling of photons to the neutral 7° and  mesons [1]. The first non-zero contribution
comes from O(p*) charged pion and kaon loops, but these are greatly suppressed because they
violate G-parity in the vertex na’z* 7™, in the case of the former, and due to the smallness of the
loop integration in the latter case. The first sizable contribution comes at O(p®), but the associated
low-energy constants are not well defined and one must resort to phenomenological models, such
as vector meson dominance (VMD) [1-3] or the Nambu-Jona-Lasinio model [4-6], to determine
them. However, since vector mesons are essential for the description of this process, their dynamical
role has to be included systematically with the full vector meson propagator [1, 7-10]. Fig 1 shows
a visual summary of the current status of the decay width including most recent experimental
measurements and theoretical predictions. As it can be observed, despite both experimental and
theoretical efforts, the situation is not conclusive yet and new and more precise experimental data
is highly desirable, which can come, e.g. from KLOE-2 [11] or from the new Jefferson Lab Eta
Factory (JEF) experiment [12].
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Figure 1: Status of most recent experimental measurements of the decay width I'(7 — 7%y) (upper panel),
including the results from the collaborations GAMS-2000 [15], KLOE (2006 preliminary) [16], Crystall Ball
[17], A2 [18] and KLOE (preliminary, 2021) [19], compared to theoretical predictions of Ametller et.al. [1],
Oset et.al. [9, 10], Lu et.al. [21], Danilkin et.al. [20] and Escribano et.al. [22].

Likewise, the study of the decays n” — 7%y and ’ — nyy is interesting for a number of
reasons: i) they complete existing calculations of the partner reaction 7 — 7’yy; ii) the BESIII
collaboration has recently reported the first measurements of these decays [13, 14], thus making
the topic of timely interest; iii) their analysis could help extract information on the properties of the
lowest-lying scalar resonances, i.e. the ap(980) and the 0-(500) and f,(980).
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The aim of this contribution is to highlight the results for the three doubly radiative decays
n") — 7%y and n” — nyy obtained in [22], and it is structured as follows. The theoretical
framework is detailed in Secs. 2 and 3, where the VMD and LoM calculations are described. Our
results, and a discussion of how they compare to experimental data, are presented in Sec. 4. We
close with a brief summary in Sec. 5.

2. Vector meson exchange contributions

To calculate the vector meson exchange contributions we use Vector Meson Dominance.
The corresponding VMD amplitude represents not only the dominant contribution to the process
n — n%yy, as shown long ago in [1], but also to the decays ” — 7%y and ” — nyy, as we will
see in this contribution [22].

In the VMD framework, the 7 — 7%yy proceeds through the transition 7 — Vy followed
by V — 7%, resulting in a total of six diagrams contributing to the amplitude of the process,
which correspond to the exchange of the three neutral vector mesons V = p° w and ¢ in the ¢ and
u channels. The single necessary interaction terms to describe the V Py vertex, consistent with
Lorentz, P, C and gauge invariance, can be deduced from the effective Lagrangian [23, 24]:

Lypy = geuapd ATt [Q (aavﬁp + Pa“vﬁ)] : )

where g is a generic electromagnetic coupling constant, €, is the totally antisymmetric Levi-
Civita tensor, A* is the photon field, V¥ and P are, respectively, the matrices for the vector and
pseudoscalar meson fields, and Q = diag{2/3, —1/3, —1/3} is the quark-charge matrix. Combining
the Vny and Vnly interacting terms from Eq. (1) with the propagator of the corresponding vector
meson, we can calculate the vector meson contributions to n — 7%yy. We find the following
expression for the invariant amplitude [22]:

n—nlyy = Z ng’gVnOy DV (t) (2)

teu
V=p'w,¢

where t,u = (P - q21)* = m,27 —2P - g1 are the Mandelstam variables, {a} and {b} are the Lorentz
structures, which are defined as

{a} = (e - &)q1-q) - (e1- )& q1),
{b} = (e1 - )& - P)(P-q1) + (& - q1)(er - P)(P - q2) (3)
—(e1-&)P-q)(P-q)—(e1-P)e& - P)q1-q2),

where P is the four-momentum of the decaying n meson, and €, and g, are, respectively,
the polarisation and four-momentum vectors of the final photons. The denominator Dy (f) =
m‘z, —t—imyTy is the vector meson propagator; for the p° propagator, we use an energy-dependent
decay width

T 0(r) = Ty X [(t — 4m2) /(mﬁo —4m2)P? % 6(1 - 4m2) . 4)

The amplitudes for the partner reactions ° — 7%yy and n” — 17yy have a similar structure to that
of Eq. (2), with the replacements m,z7 - m,27,, and gvyy&y 10, — &viyy8v 0, for then” — 7%y and

8viy8vrdy — 8viyy8vay forthe n” — nyy.
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The theoretical parametrization of the V Py couplings in Eq.(2), gvp,, can be written as
[25, 26]:

8p0r0y = §g> 80y = 8INSCOS PP, 8,01 = 8INS singp,

8wndy = 8COSQV,

1 m .
8wny = gg(ZNs COS pp COS Yy — 2—2zs sin ¢p sin ¢V),
Mg

1 . m .
8wy = 58(ZNS SIn pp COS Yy + 2m—zs COS @p SIN tpv), 5
)

8pnty = &8 sin YV,

1 : mo
8oy = gg(ZNs CoS wp SIN @y + 2m—Zs sin ¢p cos (pv),
S

1 , : m
8oy = §g(st sin gp Sin gy — Zm—zs COS ¢p COS ‘PV)’
A

where @p is the pseudoscalar -’ mixing angle in the quark-flavor basis, ¢y is the vector w-¢ mixing
angle in the same basis, m/m; is the quotient of constituent quark masses!, and zxs and zg are
the non-strange and strange multiplicative factors accounting for the relative meson wavefunction
overlaps [25, 26].

3. Scalar meson exchange contributions

The scalar meson exchange contributions can be obtained using the LoM. We use the com-
plementarity between this model and ChPT to include the scalar meson poles at the same time as
keeping the correct low-energy behavior expected from chiral symmetry [27].

Within this framework, the two ) — 7%y processes proceed through kaon loops and by
exchanging the ap(980) in the s-channel and the « in the 7- and u-channels. The n’ — nyy
decay is more complex, as it proceeds through both kaon and pion loops, with the o-(600) and the
f0(980) exchanged in the s-channel for both types of loops, while in the u#- and ¢-channels, the « is
exchanged for kaon loops and the ap(980) for pion loops. The loop contributions take place through
combinations of three diagrams for each one of the intermediate states, which added together give
finite results. In all, the amplitudes for the three processes in the LoM can be expressed as follows

2 1

3(]1;:1\7/:077 - 7mTL(SK){a} X ﬂl]ﬁ%‘%ﬂon ’ ©
K+
20 1 C
ﬂ:;'(i\/;[row - 7TL(SK){Q} X 5{1;({%__)”0,], ’ @
K+
2a 1 2 1
Ay = o g LeaHay X AL+ = —— Llsio{ay X AT (8)
T K+

IThe flavour symmetry-breaking mechanism associated to differences in the effective magnetic moments of light
(i.e. up and down) and strange quarks in magnetic dipolar transitions is implemented via constituent quark mass
differences. Specifically, one introduces a multiplicative SU(3)-breaking term, i.e. 1 — s, = m/mg, in the s-quark entry
of the quark-charge matrix Q.
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where « is the fine-structure constant, L(z) is the loop integral [22], s x = s/mfr k> With s

being the invariant mass of the two photons, {a} is the Lorentz structure defined in Eq. (4), and,

LoM LoM : i g
finally, ﬂq('>n0—> KK and ﬂ71’71—> K+K~(nnm) &€ the four-pseudoscalar amplitude, whose explicit
expressions can be found in [22].

4. Results

With the theoretical expression presented in Secs. 2 and 3, we are now in a position to present
our results. These are obtained using the standard formula for three-body decays [28], with the
absolute value of the amplitude squared given by

where AYMP and AL“M contain the vector and scalar resonance exchange contributions as defined
in the previous sections. The last term in Eq. (9) represents the interference between the vector and
scalar effects.

For our analysis, we use the masses and decay widths of the participating resonances from
the PDG [28], and employ f; = 92.07 MeV and fx = 110.10 MeV, for the pion and kaon
decay constants, respectively. Concerning the VMD couplings, gy p,, we consider two different
approaches to fix them. On the one hand, we obtain them directly from the measured V — Py and
P — Vy decay widths [28]. Using

I'vopy =

2 3 2 3
lgVPV m%, - m%) 3 8vpy mf) - m%, (10)
3 327 my Y T o mp ’

we obtain the values collected in Table 1.
On the other hand, we employ the expressions of the VMD couplings given in Eq. (5). For the
participating parameters, we use:
g=0.70+0.01 GeV™', zsm/m; =0.65+0.01,
¢op=(41.4+0.5)°, oy =(3.3+0.1)°, (11)
zns = 0.83 £0.02,

Decay BR [28] lgvpy| GeV™!
o0 — 70y (4.7+0.6) x 1074 0.22(1)

P’ — ny (3.00 £0.21) x 1074 0.48(2)

n — ply (28.9 £ 0.5)% 0.40(1)

w — ny (8.40 £ 0.22)% 0.70(1)
w—ny (4.5+0.4)x 1074 0.135(6)

n — wy (2.62 +0.13)% 0.127(4)

¢ — 'y (1.30 +0.05) x 1073 0.041(1)

¢ — ny (1.303 + 0.025)% 0.2093(20)
¢ —n'y (6.22+0.21) x 1072 0.216(4)

Table 1: PDG values for the branching ratios of the V(P) — P(V)y transitions and the calculated gyp,
couplings directly from experiment (cf. Eq. (10)).
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Decay Couplings LoM VMD I'h BRy, BRexp [28]

Empirical 50x 1074 | 0.16(1) | 0.18(1) | 1.35(8)x 107*
Model-based | 5.0x10~% | 0.16(1) | 0.17(1) | 1.30(1) x 1077

n — 1y V) 2.56(22) x 1074

Empirical 1.3%x107* | 057(3) | 0.573) | 2.91(21)x 1073
Model-based | 1.3x 10~ | 0.704) | 0.704) | 3.57(25)x 1073

7’ — 10yy (keV) 3.20(7)(23) x 1073

Empirical 3.29 212(1.2) | 23.0(1.2) | 1.17(8)x 1074
Model-based 3.29 19.1(1.0) | 20.9(1.0) | 1.07(7)x 10~%

n" — nyy (V) 8.25(3.41)(0.72) x 1073

Table 2: Chiral-loop, LoM and VMD predictions for the  — 7%y, n° — 7%y and ” — nyy decays
with empirical and model-based VMD couplings. The total decay widths are calculated from the coherent
sum of the LocM and VMD contributions.

which have been obtained in [26] after performing an optimization fit to the most up-to-date
V Py experimental data. Hereafter, we refer to the former couplings as empirical and the later as
model-based couplings.

In Table 2 we present our predictions for the decay widths of the three proceesses using both the
empirical and model-based VMD couplings. There, we show the individual contributions from the
LoM and VMD, along with the total decay width and the corresponding branching ratio (the quoted
errors come from the errors associated to the gy p,, couplings), and the associated experimental value
from the PDG. In Fig. 2, we show our predictions for the 5 — 7%y (left) and ” — 7%yy (right)
diphoton invariant mass distribution compared with the experimental data, whilst in Fig. 3 we show
the different contributions to the ” — n7y7y energy spectrum.

Comments on these results are in order:

* Qur predictions in Table 2 for the three processes are robust against variations of the VMD
couplings we have employed.

* The shape of the measured spectra of . — n’yy and n° — nyy is well captured by
our predictions, see Fig.2. However, while our theoretical treatment shows a very good
agreement with the ” — 7%yy spectra measured by BESIII [13], the exact same treatment
for the spectrum of the decay 7 — 7%y appears to present a normalization offset with respect
to the experimental measurements by the A2 [18] and Crystal Ball [17] collaborations, and the
branching ratio is found to be approximately half of the corresponding experimental values
(see Table 2). However, it is important to note that our predictions for this channel are in
good agreement with the preliminary results from KLOE presented in this workshop [19]
(see also [11]).

* Our branching ratio predictions for n° — nyy are consistent with the BESIII experimental
value [14].

5. Summary and outlook

We have presented a theoretical analysis of the doubly radiative decays n” — 7%yy and
n’ — nyy using the VMD and LoM frameworks to account for the vector and scalar meson reso-
nance exchange contributions, respectively. Our results depend on the participant VMD coupling
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Figure 2: Comparison between the experimental diphoton energy spectra for the 7 — 7%y and ” — 7%y
and our theoretical predictions using the empirical and model-based VMD couplings. The experimental data
is taken from Ref. [18] (A2), Ref. [17] (Crystal Ball) and Ref. [13] (BESIII).
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Figure 3: Contributions to the ° — nyy diphoton energy spectrum (solid black), using the model-based
VMD couplings, from intermediate vector (dashed magenta) and scalar (dashed brown) meson exchanges,
and their interference (dot-dashed cyan).

constants, gy p,, which we fix following two different paths: directly from the experimental decay
V(P) — P(V)y decay widths (see Table 1) or from a phenomenological quark-based model sup-
plemented by a fit to experimental data (see Eqs. (5) and (11)). We refer to the former couplings as
empirical and the later as model-based couplings. Our results for the decay widths and branching
ratios are summarized in Table 2, while our predictions for the invariant mass distribution are
show in Figs. 2 and 3, and a discussion of the results obtained and how they compare to available
experimental data has been carried out at the end of section 4. As a final remark, these decays
provide a good environment to search for GeV-signatures of a leptophobic B boson [29, 30].
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