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What’s the motivation for this analysis?

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

Theoretical analysis of the doubly radiative decays
andη, η′￼ → π0γγ η′￼ → ηγγ

g ¼ 0.70" 0.01 GeV−1; zSm̄=ms ¼ 0.65" 0.01;

ϕP ¼ ð41.4" 0.5Þ°; ϕV ¼ ð3.3" 0.1Þ°;
zNS ¼ 0.83" 0.02: ð24Þ

Hereafter, we refer to the former couplings as empirical and
the later as model-based couplings.
The numerical results obtained using both the empirical

and model-based VMD couplings are summarized in
Table II. There, we show the contributions from ChPT,
the LσM, which replaces ChPT when scalar meson poles
are incorporated explicitly, and VMD. In addition, the
theoretical decay widths and corresponding branching
ratios are presented, together with the associated exper-
imental values. Note that the quoted errors come from the
uncertainties associated to the VMD couplings. Using the
empirical VMD couplings, one finds that, while our pre-
diction for the η → π0γγ process, BR ¼ 1.35ð8Þ × 10−4, is
approximately a factor of 2 smaller than the PDG reported
value6 [14] BR ¼ 2.56ð22Þ × 10−4, our theoretical predic-
tions for the η0 → π0γγ and η0 → ηγγ, BR¼2.91ð21Þ×10−3

and BR ¼ 1.17ð8Þ × 10−4, are consistent with the BESIII
experimental measurements [10,11] BR ¼ 3.20ð7Þð23Þ ×
10−3 and BR ¼ 8.25ð3.41Þð72Þ × 10−5, respectively.
Employing, instead, the model-based VMD couplings from
Eq. (11) and making use of the fit values for the model
parameters shown in Eq. (24), we find that the branching
ratio for the η → π0γγ decay, BR ¼ 1.30ð8Þ × 10−4, is very
much in line with that obtained using the empirical cou-
plings, and approximately half the corresponding experi-
mental value.7 Thus, our theoretical results for this reaction
appear to be robust against small variations of the VMD
couplings. For the η0 → π0γγ and η0 → ηγγ processes, we

obtain BR ¼ 3.57ð25Þ × 10−3 and BR ¼ 1.07ð8Þ × 10−4,
which, once again, are in agreement with the values reported
by BESIII [10,11]. The branching ratio for the later process
turns out to be BR ¼ 1.11ð8Þ × 10−4 and BR ¼ 1.00ð7Þ ×
10−4 for the empirical and model-based couplings using a
Breit-Wigner propagator for the σ meson, where the pole
parameters quoted in Ref. [14] have been utilized, instead of
the complete one-loop propagator. As can be seen, the use of
either propagator provides very approximate results; any
differences surface in the associated energy spectra.
Our predictions for the diphoton energy spectra are

compared with the corresponding experimental data in
Fig. 1. One can see from both plots that the shape of the
spectra is captured well by our theoretical predictions. The
spectrum of the η → π0γγ decay [Fig. 1(a)] appears to
present a normalization offset.8 Notwithstanding this, the
exact same theoretical treatment shows very good agree-
ment between our predictions for the η0 → π0γγ spectrum,
using either set of VMD couplings, and experiment. In
addition, the use of one set of couplings or the other makes
little difference for the η → π0γγ, though it appears that the
model-based couplings capture slightly better the exper-
imental data for the η0 → π0γγ. For this reason, as well as
due to its increased aesthetic appeal and the fact that it
better underpins the power of the theoretical description,
from this point onward we will stick to using the model-
based VMD couplings for any subsequent calculation.
The different contributions to the diphoton energy

spectrum for the η → π0γγ decay are shown in Fig. 2.
As it can be seen, the spectrum is dominated by the
exchange of vector mesons, accounting for 93%, out of
which, the weights for the ρ0, ω, and ϕ are 27%, 21%, and
0%, respectively; the remaining 52% comes from the
interference between the three participating vector mesons.
The contribution of the scalar exchanges accounts for less
than 1%, making it very difficult to isolate the effect of
individual scalar mesons, even with the advent of more
precise experimental data. The interference between the

TABLE II. Chiral-loop, LσM, and VMD predictions for the η → π0γγ, η0 → π0γγ, and η0 → ηγγ decays with empirical and model-
based VMD couplings. The total decay widths are calculated from the coherent sum of the LσM and VMD contributions.

Decay Couplings Chiral loop LσM VMD Γ BRth BRexp [14]

η → π0γγ (eV)
Empirical 1.87 × 10−3 5.0 × 10−4 0.16(1) 0.18(1) 1.35ð8Þ × 10−4

2.56ð22Þ × 10−4Model-based 1.87 × 10−3 5.0 × 10−4 0.16(1) 0.17(1) 1.30ð1Þ × 10−4

η0 → π0γγ (keV)
Empirical 1.1 × 10−4 1.3 × 10−4 0.57(3) 0.57(3) 2.91ð21Þ × 10−3

3.20ð7Þð23Þ × 10−3Model-based 1.1 × 10−4 1.3 × 10−4 0.70(4) 0.70(4) 3.57ð25Þ × 10−3

η0 → ηγγ (eV)
Empirical 1.4 × 10−2 3.29 21.2(1.2) 23.0(1.2) 1.17ð8Þ × 10−4

8.25ð3.41Þð0.72Þ × 10−5Model-based 1.4 × 10−2 3.29 19.1(1.0) 20.9(1.0) 1.07ð7Þ × 10−4

6Note that it is still compatible at the ∼5σ level with the
experimental value though.

7Oset et al. considered additional contributions in Ref. [6],
such as axial exchanges in the chiral loops and VMD loop
contributions, where the associated amplitudes had been unita-
rized by making use of the Bethe-Salpenter equation for the
resummation of the meson-meson scattering amplitudes, as
well as contributions from the three-meson axial anomaly;
all this allowed them to raise their prediction up to Γη→π0γγ ¼
0.33" 0.08 eV.

8One could argue, though, that the experimental central values
seem to lie further apart from our predictions for decreasing m2

γγ ,
but this effect may be linked to the larger uncertainties associated
to the measurements at low m2

γγ.
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intermediate scalar and vector exchanges is constructive
and accounts for about 7%. The contributions to the energy
spectrum of the η0 → π0γγ process are displayed in Fig. 3.
Once again, the exchange of vector mesons completely
dominates the spectrum contributing approximately with
100.4% to the total signal, while the effects of scalar meson
exchanges and their interference with the formers are
negligible with 0% and −0.4% (destructive interference),
respectively. As well as this, the ω contribution prevails
with the 78% of the total VMD signal, while the ρ0 and ϕ
account for the 5% and 0%, respectively; the remaining
17% comes from the interference between the vector
resonances. Finally, the different contributions to the η0 →
ηγγ energy spectrum are presented in Fig. 4. As expected,
the contribution to the total signal from the exchange of
vector mesons predominates again with about the 91%,

with the ρ0, ω, and ϕ accounting for 59%, 15%, and 1% of
the VMD signal, respectively, and the remaining 25% being
the result of their interference; interestingly, the scalar
meson effects turn out to be sizable in this process,
weighing approximately 16%, with the exchange of σ
mesons dominating the scalar signal.9 The interference
between the scalar and vector mesons is destructive and
accounts for around 7% and significantly influences the
shape of the spectrum. It is worth noting the effect of using
the complete one-loop propagator for the σ exchange which

FIG. 1. Comparison between the experimental diphoton energy spectra for the η → π0γγ and η0 → π0γγ and our theoretical predictions
using the empirical and model-based VMD couplings. The experimental data are taken from Ref. [23] (A2), Ref. [19] (Crystal Ball), and
Ref. [10] (BESIII).

FIG. 2. Contributions to the η → π0γγ diphoton energy spec-
trum (solid black), using the model-based VMD couplings, from
intermediate vector (dashed red) and scalar (dotted blue) meson
exchanges, and their interference (dot-dashed green).

FIG. 3. Contributions to the η0 → π0γγ diphoton energy spec-
trum (solid black), using the model-based VMD couplings, from
intermediate vector (dashed red) and scalar (dotted blue) meson
exchanges, and their interference (dot-dashed green).

9A possible improvement to our prediction for the scalar
meson contribution may be possible by considering a more
sophisticated scalar scattering amplitude Aπþπ−→η0η [cf. Eq. (19)]
as has successfully been done for the associated η0 → ηππ
decay process in Ref. [37].

ESCRIBANO, GONZÀLEZ-SOLÍS, JORA, and ROYO PHYS. REV. D 102, 034026 (2020)

034026-8



What’s a leptophobic U(1) B boson?
It is a new gauge boson coupled to the baryon number

B → π0γ for mπ ≲mB ≲ 620 MeV, which leads to distinc-
tive signatures in rare electromagnetic decays of light
mesons. For example, the doubly radiative decay
η → π0γγ, which is highly suppressed in the SM with
Oð10−4Þ branching ratio, can be mimicked by a new
physics decay η → Bγ → π0γγ.2 A Dalitz analysis of the
π0γ invariant masses would reveal a peak at mB.
Searches for long-range forces, from nuclear to macro-

scopic scales, provide strong limits on a new baryonic force
with mass below mπ [32–36]. On the other hand, the
mB > GeV regime has been considered within the context
of high-energy collider observables, such as heavy quar-
konium decay, electroweak observables, and dijet reso-
nance searches [24–27,37–39]. Studies of η; η0;ω;ϕ meson
decays have a unique capability to cover the gap between
these low-mass and high-mass regimes.
In the remainder of this work, these ideas are expanded

in further detail. The B boson model and properties are
discussed in Sec. II, and experimental signatures and
constraints are described in Sec. III. Our conclusions are
summarized in Sec. IV. Calculational details related to B
production and decay are given in the Appendix.

II. B BOSON MODEL, PROPERTIES,
AND MESON SIGNATURES

Before considering a baryonic force, we review the
dark photon model. The A0 couples to the SM via kinetic
mixing with the usual photon, given by the Lagrangian
L ¼ − 1

2 εF
μνF0

μν. Here, Fμν and F0
μν are the photon and

dark photon field strengths, respectively, and ε is the kinetic
mixing parameter. Upon diagonalizing the gauge kinetic
terms, the A0 acquires couplings to both quarks and leptons
proportional to their electric charge. This coupling is given
by εQfe, where Qf is the electric charge of fermion f in
units of the proton charge e.
Turning next to the baryonic force, the interaction

Lagrangian is

L ¼ 1

3
gBq̄γμqBμ; ð1Þ

where Bμ is the new gauge field coupling to the baryon
number. The gauge coupling gB is universal for all quarks
q. We also define a baryonic fine structure constant
αB ≡ g2B=ð4πÞ, analogous to the electromagnetic con-
stant αem ≡ e2=ð4πÞ≃ 1=137.
Equation (1) preserves the low-energy symmetries of

QCD. C and P are conserved, with B being assigned
C ¼ P ¼ −. Moreover, since the gauge coupling is uni-
versal for all flavors, Eq. (1) preserves SUð3Þ flavor
symmetry acting on ðu; d; sÞ. Of course, B does not

transform under the flavor symmetry and is a singlet under
isospin. Thus, B can be assigned the same quantum
numbers as the ω meson: IGðJPCÞ ¼ 0−ð1−−Þ.
The ω meson provides a useful guide for how we expect

B to decay. The three leading ω branching ratios are [40]

BRðω→ πþπ−π0Þ≃89%; BRðω→ π0γÞ≃8%;

BRðω→ πþπ−Þ≃1.5%: ð2Þ

The decay ω → πþπ− is forbidden by G parity and is
suppressed, having to proceed via isospin-violating ρ-ω
mixing. (ω → π0π0 is forbidden byC.) We expect the decay
modes of B to be qualitatively similar to (2) in the range
mπ ≲mB ≲ GeV. (At mB ≈ 1 GeV, the kaon channel
B → KK̄ opens, and B decays would appear more similar
to the ϕ meson.)
In general, B is not completely decoupled from leptons

since there should exist kinetic mixing between B and the
photon. If ε is set to zero at tree level, say due to a
symmetry, one-loop radiative corrections involving heavy
quarks generate ε ≠ 0 [26,27]. The typical size of this effect
is ε ∼ egB=ð4πÞ2. Thus, we consider the more general
Lagrangian

Lint ¼
!
1

3
gB þ εQqe

"
q̄γμqBμ − εel̄γμlBμ; ð3Þ

where l is a charged lepton. Equation (3) includes not only
Eq. (1), but also dark photonlike couplings proportional to
ε. The most important effect of ε is allowing for the decay
B → eþe−, which dominates when pion decays are kine-
matically forbidden. In this case, A0 searches are sensitive
to B, although B production may be modified compared
to A0.
The partial widths for B decay are computed using vector

meson dominance (VMD). The details of the calculation
are given in the Appendix. Figure 1 (left) shows the
resulting branching ratios. Two values of ε are considered:
a “natural”-sized value ε ¼ egB=ð4πÞ2 that would be
induced radiatively (thick lines) and a smaller value ε ¼
0.1 × egB=ð4πÞ2 that may arise due to a cancellation (thin
dotted lines). The partial widths for B → πþπ− and B →
lþl− depend on ε, while the B → π0γ; ηγ; πþπ−π0 widths
do not.
In terms of branching ratios, our results in Fig. 1 are

summarized as follows:
(i) B→eþe− is the leading decay for 1MeV≲mB≲mπ.

Here, dark photon searches for A0 → eþe− have
sensitivity to the B boson as well.

(ii) B → π0γ is the leading decay for mπ ≲mB≲
620 MeV. This is a new channel, not covered in
dark photon searches, that may be discovered as a
π0γ resonance.

(iii) B → πþπ−π0 is the leading decay for 620 MeV≲
mB ≲ 1 GeV. Three-pion resonances have been

2Using this decay to constrain a light baryonic force was first
pointed out in Ref. [20]. However, it was assumed that B → π0γ
would no longer dominate for mB > 2mπ.
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would no longer dominate for mB > 2mπ.
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B is ω meson like!
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where Bμ is the new gauge field coupling to the baryon
number. The gauge coupling gB is universal for all quarks
q. We also define a baryonic fine structure constant
αB ≡ g2B=ð4πÞ, analogous to the electromagnetic con-
stant αem ≡ e2=ð4πÞ≃ 1=137.
Equation (1) preserves the low-energy symmetries of

QCD. C and P are conserved, with B being assigned
C ¼ P ¼ −. Moreover, since the gauge coupling is uni-
versal for all flavors, Eq. (1) preserves SUð3Þ flavor
symmetry acting on ðu; d; sÞ. Of course, B does not

transform under the flavor symmetry and is a singlet under
isospin. Thus, B can be assigned the same quantum
numbers as the ω meson: IGðJPCÞ ¼ 0−ð1−−Þ.
The ω meson provides a useful guide for how we expect

B to decay. The three leading ω branching ratios are [40]

BRðω→ πþπ−π0Þ≃89%; BRðω→ π0γÞ≃8%;

BRðω→ πþπ−Þ≃1.5%: ð2Þ

The decay ω → πþπ− is forbidden by G parity and is
suppressed, having to proceed via isospin-violating ρ-ω
mixing. (ω → π0π0 is forbidden byC.) We expect the decay
modes of B to be qualitatively similar to (2) in the range
mπ ≲mB ≲ GeV. (At mB ≈ 1 GeV, the kaon channel
B → KK̄ opens, and B decays would appear more similar
to the ϕ meson.)
In general, B is not completely decoupled from leptons

since there should exist kinetic mixing between B and the
photon. If ε is set to zero at tree level, say due to a
symmetry, one-loop radiative corrections involving heavy
quarks generate ε ≠ 0 [26,27]. The typical size of this effect
is ε ∼ egB=ð4πÞ2. Thus, we consider the more general
Lagrangian

Lint ¼
!
1

3
gB þ εQqe

"
q̄γμqBμ − εel̄γμlBμ; ð3Þ

where l is a charged lepton. Equation (3) includes not only
Eq. (1), but also dark photonlike couplings proportional to
ε. The most important effect of ε is allowing for the decay
B → eþe−, which dominates when pion decays are kine-
matically forbidden. In this case, A0 searches are sensitive
to B, although B production may be modified compared
to A0.
The partial widths for B decay are computed using vector

meson dominance (VMD). The details of the calculation
are given in the Appendix. Figure 1 (left) shows the
resulting branching ratios. Two values of ε are considered:
a “natural”-sized value ε ¼ egB=ð4πÞ2 that would be
induced radiatively (thick lines) and a smaller value ε ¼
0.1 × egB=ð4πÞ2 that may arise due to a cancellation (thin
dotted lines). The partial widths for B → πþπ− and B →
lþl− depend on ε, while the B → π0γ; ηγ; πþπ−π0 widths
do not.
In terms of branching ratios, our results in Fig. 1 are

summarized as follows:
(i) B→eþe− is the leading decay for 1MeV≲mB≲mπ.

Here, dark photon searches for A0 → eþe− have
sensitivity to the B boson as well.

(ii) B → π0γ is the leading decay for mπ ≲mB≲
620 MeV. This is a new channel, not covered in
dark photon searches, that may be discovered as a
π0γ resonance.

(iii) B → πþπ−π0 is the leading decay for 620 MeV≲
mB ≲ 1 GeV. Three-pion resonances have been

2Using this decay to constrain a light baryonic force was first
pointed out in Ref. [20]. However, it was assumed that B → π0γ
would no longer dominate for mB > 2mπ.
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What’s the motivation for a U(1) B boson?

• The baryon number symmetry may be related to 
dark matter (it is stabilised since it carries a 
conserved baryon number charge)

• Natural framework for the Peccei-Quinn solution to 
the strong CP problem

• …



How are hadronic processes calculated?
Using the hidden local symmetry (HLS) for VMD

3

II. THEORETICAL FRAMEWORK

A. Standard Model: VMD and LsM contributions

VMD and the LsM can be used to calculate the SM contri-
butions from vector and scalar meson resonance exchanges to
the h(0) ! p0gg and h 0 ! hgg decay processes. In Ref. [3],
it was found that the VMD amplitude represents the dominant
contribution to the h ! p0gg decay, whilst in [7] we showed
that this is also the case for the h 0 ! p0gg and h 0 ! hgg
processes.

In the VMD picture, the decay h ! p0gg proceeds through
the transition h ! V g followed by V ! p0g , resulting in a
total of six diagrams contributing to the amplitude of the pro-
cess, which corresponds to the exchange of the three neutral
vector mesons V = r0,w and f in the t and u channels, re-
spectively. In the conventional VMD model, pseudoscalar
mesons do not couple directly to photons but through the ex-
change of intermediate vectors; thus, the necessary interac-

tion terms to describe the V Pg vertex in this framework, con-
sistent with Lorentz, P, C, and gauge invariance, can be ob-
tained from the combination of the following two effective
Lagrangians [47, 48]

LVV P =
Gp

2
eµnab tr

⇥
∂µVn ∂aVb P

⇤
,

LV g = �4eg f 2
p Aµ tr

⇥
QVµ

⇤
,

(2)

where G = 3g2

4p2 fp
, g is a generic electromagnetic coupling

constant, fp = 92.07 MeV is the pion decay constant,
eµnab is the totally antisymmetric Levi-Civita tensor, Aµ

is the photon field, V µ and P are, respectively, the matri-
ces for the vector and pseudoscalar meson fields, and Q =
diag{2/3,�1/3,�1/3} is the quark-charge matrix. By com-
bining the V hg and V p0g interacting terms deduced from
Eq. (2) with the propagator of the exchanged vector mesons,
one can calculate the vector meson contributions to the h !
p0gg decay. We find [7, 48]

A
VMD

h!p0gg = Â
V=r0,w,f

gVhg gVp0g

"
(P ·q2 �m2

h){a}�{b}
DV (t)

+

⇢
q2 $ q1
t $ u

�#
, (3)

where t,u = (P�q2,1)2 = m2
h �2P ·q2,1 are Mandelstam vari-

ables, {a} and {b} are the Lorentz structures defined as

{a} = (e1 · e2)(q1 ·q2)� (e1 ·q2)(e2 ·q1) ,

{b} = (e1 ·q2)(e2 ·P)(P ·q1)+(e2 ·q1)(e1 ·P)(P ·q2)

� (e1 · e2)(P ·q1)(P ·q2)� (e1 ·P)(e2 ·P)(q1 ·q2) ,

(4)

where P is the four-momentum of the decaying h meson, and
e1,2 and q1,2 are the polarisation and four-momentum vectors
of the final photons, respectively. The denominator DV (t) =
m2

V � t � imV GV is the vector meson propagator, with V = r0,
w and f . Due to the fact the the r0 meson has got a very large
decay width, the use of the usual Breit-Wigner prescription
is not justified and, thus, one is compelled to make use of an
energy-dependent decay width

Gr0(t) = Gr0 ⇥ [(t �4m2
p)/(m2

r0 �4m2
p)]3/2 ⇥q(t �4m2

p) .
(5)

The amplitudes for the decays h 0 ! p0gg and h 0 ! hgg have
a similar structure to that of Eq. (3), with the replacements
m2

h ! m2
h 0 , and gV hg gV p0g ! gV h 0g gV p0g for the h 0 ! p0gg

and gV hg gV p0g ! gV h 0g gV hg for the h 0 ! hgg case.

The theoretical parametrization of the V Pg couplings in

Eq. (3), gV Pg , can be written as [49, 50]

gr0p0g =
1
3

g ,

gr0hg = gzNS cosjP ,

gr0h 0g = gzNS sinjP ,

gwp0g = gcosjV ,

gwhg =
1
3

g
⇣

zNS cosjP cosjV �2
m
ms

zS sinjP sinjV

⌘
,

gwh 0g =
1
3

g
⇣

zNS sinjP cosjV +2
m
ms

zS cosjP sinjV

⌘
,

gfp0g = gsinjV ,

gfhg =
1
3

g
⇣

zNS cosjP sinjV +2
m
ms

zS sinjP cosjV

⌘
,

gfh 0g =
1
3

g
⇣

zNS sinjP sinjV �2
m
ms

zS cosjP cosjV

⌘
,

(6)

where jP is the pseudoscalar h-h 0 mixing angle in the quark-
flavor basis, jV is the vector w-f mixing angle in the same
basis, m/ms is the quotient of constituent quark masses2, and

2 The 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� se ⌘ m/ms, in the s-quark entry of the quark-charge matrix Q
(see Ref. [50] for details).

P is the pseudoscalar meson nonet

V is the vector meson nonet 
(gauge bosons of a hidden U(3)V symmetry) 
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In conventional VMD:

4

zNS and zS are the non-strange and strange multiplicative fac-
tors accounting for the relative meson wavefunction overlaps
[49, 50]. For the present analysis, however, we fix the gV Pg
couplings directly from experiment as follows. From Eq. (2),
we calculate the decay widths for the radiative transitions
V ! Pg and P !V g , and find

GV!Pg =
1
3

g2
V Pg

32p

✓
m2

V �m2
P

mV

◆3

,

GP!V g =
g2

V Pg
32p

✓
m2

P �m2
V

mP

◆3

.

(7)

Next, using Eq. (7), in combination with the experimental de-
cay widths from the PDG [42], yield the empirical gV Pg cou-
plings provided in Table I.

The scalar meson exchange contributions can be assessed
by making use of the LsM. For our analysis, we use the
complementarity between this model and ChPT to include
the scalar meson poles at the same time as keeping the cor-
rect low-energy behavior expected from chiral symmetry [51].
Within this framework, the two h(0) ! p0gg processes pro-
ceed through kaon loops, and by exchanging the a0(980) in
the s channel and the k in the t and u channels. The h 0 ! hgg
decay is more complex as it proceeds through both kaon and

pion loops, with the s(600) and the f0(980) exchanged in the
s channel for both types of loops, whilst in the u and t chan-
nels the k is exchanged for kaon loops and the a0(980) for
pion loops. The loop contributions take place through com-
binations of three diagrams for each one of the intermediate
states, which added together give finite results. The ampli-
tudes for the three processes in the LsM can be expressed
as [7]

Decay BR [42] |gVPg | GeV�1

r0 ! p0g (4.7±0.8)⇥10�4 0.22(2)

r0 ! hg (3.00±0.21)⇥10�4 0.48(2)

h 0 ! r0g (29.5±0.5)% 0.39(1)

w ! p0g (8.34±0.26)% 0.71(1)

w ! hg (4.5±0.4)⇥10�4 0.136(6)

h 0 ! wg (2.52±0.07)% 0.122(2)

f ! p0g (1.32±0.06)⇥10�3 0.041(1)

f ! hg (1.303±0.025)% 0.2093(20)

f ! h 0g (6.22±0.21)⇥10�5 0.216(4)

TABLE I. PDG values [42] for the branching ratios of the V (P) !
P(V )g transitions and the calculated gVPg couplings directly from
experiment (see Eq. (7) and associated text).

A
LsM

h!p0gg =
2aem

p
1

m2
K+

L(sK){a}⇥A
LsM

K+K�!p0h , (8)

A
LsM

h 0!p0gg =
2aem

p
1

m2
K+

L(sK){a}⇥A
LsM

K+K�!p0h 0 , (9)

A
LsM

h 0!hgg =
2aem

p
1

m2
p

L(sp){a}⇥A
LsM

p+p�!hh 0 +
2a
p

1
m2

K+

L(sK){a}⇥A
LsM

K+K�!hh 0 , (10)

where aem is the electromagnetic fine-structure constant, L(z)
is the loop integral, sp,K = s/m2

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

LsM
h(0)p0!K+K� and A

LsM
h 0h!K+K�(p+p�) are the

four-pseudoscalar amplitudes. The explicit expressions for
L(z), A

LsM
h(0)p0!K+K� and A

LsM
h 0h!K+K�(p+p�) are collected in

Appendix A to make this work self-contained.

B. Beyond the Standard Model: B-boson contribution

In analogy to the VMD contributions detailed in the previ-
ous subsection, we next define the framework to include inter-
mediate B-boson exchanges to the decay amplitude.

The diagrammatic representation of the decay process is
depicted in Fig. 2 for the h ! p0gg case.3 This contribu-

3 It should be mentioned that the same diagram where the B boson is replaced

tion can be assessed from the conventional VMD VV P and
V g Lagrangians given in Eq. (2), supplemented by an effec-
tive Lagrangian that describes the V B interaction. The latter is
formally identical to the V g , with the substitutions Aµ ! Bµ ,
e ! gB and Q ! diag{1/3,1/3,1/3}, and it is given by

LV B = �4
1
3

gBg f 2
p Bµ tr [V µ ] . (11)

From the VV P and V B Lagrangians in Eqs. (2) and (11),
respectively, along with the corresponding V -meson propaga-
tors, it is straightforward to obtain expressions for the gBPg
couplings in terms of the generic B-boson coupling gB. The
gBPg couplings are energy dependent (i.e. they depend on the

by a photon also exists. However, this is not considered in the present anal-
ysis given that this contribution is highly suppressed with respect to the in-
termediate vector exchanges that we are already considering (cf. Sec. II A)
and introduces unnecessary complexity.



How are hadronic processes calculated?

B → πþπ−π0.—Again, we follow the calculation in Ref. [63] for the similar process ω → πþπ−π0. The relevant
Feynman diagram is shown in Fig. 4(b), plus permutations with an intermediate ρþ and ρ0. The end result is

ΓðB → πþπ−π0Þ ¼
g4ρππαBmB

192π6f2π
Iðm2

BÞjFωðm2
BÞj2: ðA13Þ

Here, gρππ is the ρππ coupling, which is fixed by g2ρππ=ð4πÞ≃ 3.0 to give the observed ρ → ππ decay rate. The integral over
phase space is rather complicated and can be expressed as

Iðm2
BÞ ¼

Z
dEþdE−½jpþj2jp−j2 − ðpþ · p−Þ2&

×
!

1

m2
ρ − ðpþ þ p−Þ2

þ 1

m2
ρ − ðpþ þ p0Þ2

þ 1

m2
ρ − ðp0 þ p−Þ2

"
2

; ðA14Þ

where p' ¼ ðE';p'Þ and p0 ¼ ðE0;p0Þ are the π' and π0

momenta, respectively, in the B rest frame. All kinematic
variables in the integrand are fixed in terms of E', mB, and
mπ . The phase space integral is restricted to lie in the
kinematically allowed domain, which can be expressed asR
dEþdE− ¼

R
ϵ(
mπ

dEþ
R
ϵ2
ϵ1
dE−, where

ϵ( ¼
m2

B − 3m2
π

2mB
;

ϵ1;2 ¼
1

2

 
mB − Eþ ' jpþj

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

B − 2EþmB − 3m2
π

m2
B − 2EþmB þm2

π

s !
:

ðA15Þ

From here, it is straightforward to evaluate Eq. (A14) by
numerical integration.
B → lþl−.—The leptonic partial width, arising due to

kinetic mixing with the photon, is

ΓðB → lþl−Þ ¼ αemε2mB

3
ð1þ 2m2

l=m
2
BÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

l=m
2
B

q
:

ðA16Þ

B → πþπ−.—The πþπ− decay rate is

ΓðB → πþπ−Þ ¼ αemε2mB

12
ð1 − 4m2

π=m2
BÞ3=2jFπðm2

BÞj2:

ðA17Þ

The pion form factor can be expressed as

FπðsÞ ¼ FρðsÞ
$
1þ 1þ δ

3

~ΠρωðsÞ
s −m2

ω þ imωΓω

%
; ðA18Þ

where Fρ is the pion form factor solely due to
ρ exchange and ~Πρω is the additional isospin-violating
ρ − ω mixing term [65]. Taking δ ¼ 0 for the moment,
Eq. (A18) is the familiar electromagnetic pion form
factor entering eþe− → πþπ−. Using eþe− → πþπ−

data, Ref. [65] has obtained a phenomenological fit
to FρðsÞ in the timelike region (s > 0) and extracted
the ρ − ω mixing parameter ~Πρωðm2

ωÞ ¼ −3500'
300 MeV2.
For B decays, there is an additional term in Fπ, shown in

Fig. 4(c), due to the direct mixing between B and ω. This
contribution is δ ¼ 2gB=ðεeÞ, which only enters B decays
and not the electromagnetic process eþe− → πþπ−. It is
important to note that δ is not a small correction to
Eq. (A18) since δ ∼ 4π=αem ≫ 1. In fact, the ρ − ω mixing
term is typically the dominant contribution to B → πþπ−.
This requires knowing ~ΠρωðsÞ as a function of s, not just atffiffiffi
s

p
¼ mω, and, unfortunately, it is not possible to extract

~ΠρωðsÞ from eþe− → πþπ− except at
ffiffiffi
s

p
≈mω where

ρ − ω mixing is non-negligible. For lack of a better
understanding, we assume here a constant value
~ΠρωðsÞ ≈ ~Πρωðm2

ωÞ, although this assumption is not well

(a) (b) (c)

FIG. 4. Feynman diagrams for hadronic B decay.
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FIG. 2. Schematic diagram of the B-boson exchange mechanism for
the decay h ! p0gg .

Mandelstam variables t or u) and read

gBp0g(t) =
egB

4p2 fp
Fw(t) , (12)

gBhg(t) =
egB

12p2 fp

h
cosjPFw(t)+

p
2sinjPFf (t)

i
, (13)

gBh 0g(t) =
egB

12p2 fp

h
sinjPFw(t)�

p
2cosjPFf (t)

i
.(14)

The functions FV (s) in the previous equations are form factors
that account for the w and f propagation, and are given by

FV (s) =
m2

V
m2

V � s� imV GV
. (15)

Combining the gBp0g and gBhg couplings from Eqs. (12)
and (13), respectively, with the propagator of the B boson,
allows one to find the B-boson exchange contribution to the
amplitude of the h ! p0gg decay. This is given by

A
Bboson

h!p0gg = gBhg(t)gBp0g(t)

"
(P ·q2 �m2

h){a}�{b}
DB(t)

+

⇢
q2 $ q1

t $ u

�#
, (16)

where DB(t) = m2
B � t � imBGB is the B-boson propagator, t

and u are Mandelstam variables, and {a} and {b} are the
Lorentz structures from Eq. (4). In terms of aB, the product
of couplings gBhg(t)gBp0g(t) reads

gBhg(t)gBp0g(t) =
aemaB

3p2 f 2
p


cosjPFw(t)

+
p

2sinjPFf (t)
�

Fw(t) .

(17)

The B-boson contribution to the amplitudes of the h 0 ! p0gg
and h 0 ! hgg decays have a similar structure to that of
Eq. (16), with the replacements m2

h ! m2
h 0 , and gBhg gBp0g !

gBh 0g gBp0g for the h 0 ! p0gg and gBhg gBp0g ! gBh 0g gBhg for
the h 0 ! hgg .

The decay widths for the radiative transitions h(0) !Bg and
B ! p0g,h(0)g can be calculated from Eqs. (12)-(14) and the
analogous to Eq. (7). They are given by

Gh!Bg =
aemaBm3

h
288p3 f 2

p


cosjPFw(m2

B)

+
p

2sinjPFf (m2
B)

�2
 

1� m2
B

m2
h

!3

, (18)

Gh 0!Bg =
aemaBm3

h 0

288p3 f 2
p


sinjPFw(m2

B)

�
p

2cosjPFf (m2
B)

�2
 

1� m2
B

m2
h 0

!3

, (19)

for the B production from h(0) decays and

GB!p0g =
aemaBm3

B
96p3 f 2

p

✓
1� m2

p
m2

B

◆3

|Fw(m2
B)|2 , (20)

GB!hg =
aemaBm3

B
864p3 f 2

p


cosjPFw(m2

B)

+
p

2sinjPFf (m2
B)

�2
 

1�
m2

h

m2
B

!3

, (21)

GB!h 0g =
aemaBm3

B
864p3 f 2

p


sinjPFw(m2

B)

�
p

2cosjPFf (m2
B)

�2
 

1�
m2

h 0

m2
B

!3

, (22)

for the B-boson decays. The leptonic decays stem from the
kinetic mixing of the B boson with the photon, cf. Eq. (1), and
read [8]

GB!`+`� =
aeme2mB

3

✓
1+2

m2
`

m2
B

◆s

1�4
m2
`

m2
B
, (23)

whilst the decay to p+p�, which also depends on e , is given
by [8]

GB!p+p� =
aeme2mB

12

✓
1�4

m2
p

m2
B

◆3/2

|Fp(m2
B)|2 , (24)

searched for in studies involving ω mesons. In fact,
for mB ! mω, the B boson would be a nearly
identical twin of the ω.

(iv) B ! π! π" is suppressed, with a branching ratio less
than 5%. The decay is dominated by ρ-ω mixing
with little sensitivity to ε. In comparison, the dark
photon has a sizable A0 ! π! π" branching fraction
above threshold. This stems from the fact that the A0

has a different coupling to u and d quarks, due to
their different electric charge, thereby violating
isospin like the usual photon.

(v) B ! μ! μ" has a suppressed branching ratio propor-
tional to ε2. Our result for BR"B ! μ! μ" # for ε $
0.1 ! egB="4π#2 is not shown in Fig. 1 and lies
below the solid μ! μ" line by a factor of 100.

(vi) B ! ηγ has a small branching ratio. However, the
rate is larger than expected from the ω meson since
B mixes with both ω and ϕ. The ratio ! "B ! ηγ#=
! "B ! π0γ# may perhaps play a role in terms of
distinguishing B from ω in the range mB ! mω.

These results are mostly insensitive to the particular value
of ε chosen, provided gB # εe. The main effect of ε is to
determine the relative branching ratios for B ! e! e" and
B ! π0γ near the transition region mB ! mπ .
Next, we turn to how B bosons are produced in light

meson decays. We consider two types of decays, P ! Bγ
and V ! PB, where P is a pseudoscalar meson (e.g.,
π0; η; η0) and V is a vector meson (e.g., ω, ϕ). The specific
channels of most interest are

π0 ! Bγ; η ! Bγ; η0! Bγ; ω ! ηB; ϕ ! ηB:

"4#

These processes are similar to electromagnetic processes
P ! γγ and V ! Pγ, namely

π0 ! γγ; η ! γγ; η0! γγ; ω ! ηγ; ϕ ! ηγ:

"5#

For αB ! αem, the new physics channels (4) would be
comparable to the SM ones (5). However, relating (4) and
(5) is not a simple matter of replacing αem ! αB because
the photon and B interactions transform differently under
SU"3#flavor. For example, ω ! π0γ is allowed by isospin,
but ω ! π0B is not. In the Appendix, we compute the
partial widths for these processes using VMD.
Figure 1 (right) shows the rates for producing B bosons

via (4), relative to the photonic processes (5). The solid
lines show the ratio ! "P ! Bγ#=! "P ! γγ# for
P $ π0; η; η0, while the dashed lines show ! "V ! ηB#=
! "V ! ηγ# for V $ ω;ϕ. The decay widths to B scale
proportional to αB and are shown here normalized to
αB $ 1. In other words, the vertical axis shows the value
of α" 1

B where the new physics decays to B bosons (4) are
equal to the corresponding photonic decays (5).
It is worth noting the peculiar form for ! "η0 ! Bγ#=

! "η0 ! γγ# in Fig. 1. The peak at mB $ mω is due to the
form factor Fω"s#being on resonance, while the valley at
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FIG. 1 (color online). Left: Branching ratios for B decay (independent of αB). Thick lines have ε $ egB="4π#2; thin dotted lines have
ε $ 0.1 ! egB="4π#2. Right: New physics meson decay widths (4) relative to the photonic processes (5). Lines are labeled by the
decaying meson. Solid lines show ! "π0 ! Bγ#=! "π0 ! γγ#, ! "η ! Bγ#=! "η ! γγ#, and ! "η0 ! Bγ#=! "η0 ! γγ#. Dashed lines show
! "ϕ ! Bη#=! "ϕ ! γη# and ! "ω ! Bη#=! "ω ! γη#. Ratios scale proportional to αB and are shown normalized to αB $ 1.

TABLE I. Summary of rare light meson decays induced by the B gauge boson.

Decay ! B ! e! e" B ! π0γ B ! π! π" π0

Production ! mB ! 1 ! 140MeV 140Ð620 MeV 620Ð1000 MeV B ! ηγ

π0 ! Bγ π0 ! e! e" γ % % % % % % % % %
η ! Bγ η ! e! e" γ η ! π0γγ % % % % % %
η0 ! Bγ η0 ! e! e" γ η0 ! π0γγ η0 ! π! π" π0γ η0 ! ηγγ
ω ! ηB ω ! ηe! e" ω ! ηπ0γ % % % % % %
ϕ ! ηB ϕ ! ηe! e" ϕ ! ηπ0γ % % %
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Previous estimates

! B that are independent ofmB for
!!!
s

p
! mB [24,27].

The strongest limit formB < GeV has been obtained
from ! !1S", giving ! B < 0.014 [27].

Lastly, we considerB ! e# e" signals, which fall within
the scope ofA0 searches. In a sense, these constraints are
orthogonal to other observables since they probe the
leptonic couplings ofB. 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
BR!" 0 ! A0# ! e# e" #" and BR!$ ! A0%! e# e" %",
respectively, where theA0 is assumed to decay promptly
on detector time scales[57,58]. To constrain leptonicB
decays, we impose these constraints to the quantities

BR!" 0 ! B#" ! BR!B ! e# e" " ! f eff;

BR!$ ! %B" ! BR!B ! e# e" " ! f eff: !6"

Here,f eff is an (experiment-dependent) efficiency factor that
accounts for signal reduction due to nonpromptB decays.
For simplicity, we approximatef eff # 1 " exp!" L

c&", where
c&is theB decay length (neglecting relativistic#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 $ 1 cm to be conservative since the true detector geometry
is larger[57,58].

These constraints are shown in Fig.2 in terms of! B and
mB. The left and right panels correspond to different values
of kinetic mixing parameter' . The thick black lines, which
show how current constraints from radiative light meson
decays constrain theB 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" 0# 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
A0and signatures arising from its leptonic couplings. In this
work, we have considered new signatures from a new light
force, theB boson, coupled to baryon number. Although
the B boson couples predominantly to quarks, it may be
observed in rare radiative decays of%; %0; ( ; $ mesons as a
" 0# resonance. Such a search may be easily incorporated
into the physics programs at existing and future light meson
facilities.

Since it is likely forB to couple to leptons at some level,
one may wonder: if a new light resonance is observed in
l # l " , how canB be distinguished fromA0? If the mass is
abovem" , the presence of a" 0# resonance signal would be
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FIG. 2 (color online). Limits on baryonic gauge boson coupling! B and massmB, for different values of kinetic mixing para-
meter' . 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 BR!%! B# !
" 0##" < 3 ! 10" 6 [50], BR!%0 ! B# ! " # " " " 0#" < 10" 4, and BR!%0 ! B# ! %##" < 10" 4. Shaded regions are exclusion limits
from low-energy n-Pb scattering and hadronic! !1S" decay. Hatched regions are excluded byA0searches from KLOE[58] and WASA
[57]. A0 limits applied toB are model dependent, constraining possible leptonicB couplings. Limits shown here are for' $ egB=!4" "2

(left plot) and0.1 ! egB=!4" "2 (right plot). Gray shaded regions show whereB has a macroscopic decay lengthc&> 1 cm.
Dotted contours denote the upper bound on the mass scale! for new electroweak fermions needed for anomaly cancellation, assuming
! ! 4" mB=gB.
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Assuming the Narrow Width 
Approximation (NWA):

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

and

BR(B → π0γ) = 1

and QCD contribution of

and

BR(η → π0γγ) < BRexp at 2σ



Present estimates from this analysis
2

invisible particles,i.e. dark matter, have also been pursued at
neutrino factories [40] and at the LHC [41].

The model that we consider in this work for aU(1)B lepto-
phobic gauge bosonB that couples to the baryon number has
the following interaction Lagrangian [8, 10]

L int =
!

1
3

gB + ! Qqe
"

øq" µ qBµ ! ! eø! " µ !Bµ , (1)

whereBµ is the new gauge boson Þeld andgB is the new gauge
coupling, with#B = g2

B/ 4$ being the Þne structure associated
to the baryonic force. This interaction structure is gauge in-
variant and preserves the low-energy symmetries of QCD, i.e.
C, P, andT invariance, as well asSU(3) ßavour symmetry.

Partial widths forB-boson decays in the MeVÐGeV mass
range have been calculated in [8] using vector meson domi-
nance (VMD). Above the single-pion threshold,m$0 ! mB ! 1
GeV, theB boson decays predominantly to$0" , or to$0$+ $!

when kinematically allowed, very much like the% meson. In
fact, theB boson can be assigned the same quantum numbers
as those from the%, i.e. IG(JPC) = 0! (1!! ). It must be noted
that the interaction Lagrangian in Eq. (1) is not completely
decoupled from leptons as it contains subleading photon-like
couplings to leptons proportional to! = egB/ (4$)2. This ef-
fect allows the purely leptonic decayB " e+ e! , which domi-
nates below single-pion threshold,mB ! m$0. There are other
allowed decay channels such asB " &" andB " $+ $! , but
these are subleading [8], with the latter, being forbidden by
G-parity, arising via' -%mixing.

At present, conservative constraints from& and&# decays
on theB-boson parameters#B andmB are based on total rates,
assuming theB-boson intermediate states&(#) " B" " $0"" ,
&# " B" " $0$+ $! " and &# " B" " &"" , and making
use of the narrow width approximation (NWA),i.e. BR(& "
$0"" ) = BR(& " B" ) $ BR(B " $0" ). In Fig. 1, we show
the corresponding exclusion plots, which are obtained from
requiring that theB-boson contribution does not exceed the to-
tal observed branching ratio (BR) at 2( and by setting the SM
contribution to zero [8]. The curves for the& " $0"" process
shown in this Þgure come from the (preliminary) value found
by the KLOE collaboration, BR= ( 1.23± 0.14) $ 10! 4 [36]
(black line), and the BR reported by the PDG, BR= ( 2.56±
0.22) $ 10! 4 [42] (blue line); we also show the traces obtained
from the BESIII collaboration measurements for the decays
&#" $0"" , BR= ( 3.20± 0.07± 0.23) $ 10! 3 [43] (red line),
and&#" &"" , BR = ( 8.25± 3.41± 0.72) $ 10! 5 [44] (or-
ange line). It must be stressed, though, that the SM contribu-
tion to these decays is not negligible [5, 7, 45, 46] and, there-
fore, they should not be disregarded in exclusion analyses of
B bosons. Thus, one of the goals of the present work is to
take into account SM effects in these exclusion analyses. To
that effect, we use our controlled SM,i.e.VMD and the linear
sigma model (L( M) amplitudes from Ref. [7], and supple-
ment it with the explicit inclusion of an intermediateB boson
whilst using the most up-to-date experimental data.

SigniÞcantly greater sensitivity to theB-boson model could
be obtained from the analysis of the invariant mass distribu-
tions. Provided thatm$0 %mB %m&(#) , theB-boson mediated

decay&(#) " B" " $0"" would reveal a peak at aroundmB
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FIG. 1. Limits on the leptophobicU(1)B B-boson parametersmB and
#B from the& " $0"" BR measured by KLOE [36] (black line) and
the value reported by the PDG [42] (blue line). Also shown are the
limits from the BESIII measurements of&#" $0"" (red line) [43]
and&#" &"" (orange line) [44]. It is assumed that the SM contri-
bution is zero in all cases. The shaded regions are excluded.

in the $0" invariant mass spectrum. Searches for a$0" res-
onance within this mass region in& " $0"" decays are the
main physics goal of the JEF experiment [37], which plans to
improve the total rate limit by two orders of magnitude, and is
being searched for by KLOE-II via) " &B " &$0" [35, 36]
and& " B" " $0"" . Accordingly, we aim to perform a de-
tailed analysis of them2

"" and m2
$0" invariant mass distribu-

tions. In particular, using the available experimental diphoton
spectra, together with our SM andB-boson amplitudes, we de-
termine which regions of the#BÐmB plane are preferred by the
data and assess theB-boson contribution. It can be anticipated
that, whilst the constraint from the& " $0"" process in the
resonant mass rangem$0 ! mB ! m& is so strong that it makes
it very difÞcult to identify anyB-boson signatures (assuming
that theB boson only decays into SM particles), its imprint in
thet andu channels may be noticeable in the invariant mass
distributions whenmB ! m$0 andm& ! mB, as it occurs with
the non-resonant, SM,' ,%, and) exchanges [7].

Searches for leptophobicB bosons require experimental
precision, in order to disentangle their contribution from the
SM, but also robust theoretical predictions. We humbly at-
tempt to undertake the latter in this work.

This article is structured as follows. In Sec.II A , we review
the vector and scalar meson resonance exchange contributions
to the amplitude for the three&(#) " $0"" and&#" &"" de-
cays [7]. In Sec.II B, we present the framework to include the
contribution of intermediateB-boson exchanges to the ampli-
tude. We then use the above amplitudes in Sec.III to, Þrst, set
limits on theB-boson parameters,#B andmB, from the exper-
imental branching ratios, and, second, to study the effect of
theB-boson on them2

"" andm2
$0" invariant mass distributions.

We conclude this work with some conclusions in Sec.IV.
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How are these processes calculated?
VMD:

3

II. THEORETICAL FRAMEWORK

A. Standard Model: VMD and L ! M contributions

VMD and the L! M can be used to calculate the SM contri-
butions from vector and scalar meson resonance exchanges to
the" (!) " #0$$and" ! " "$$ decay processes. In Ref. [3],
it was found that the VMD amplitude represents the dominant
contribution to the" " #0$$decay, whilst in [7] we showed
that this is also the case for the" ! " #0$$ and " ! " "$$
processes.

In the VMD picture, the decay" " #0$$proceeds through
the transition" " V$ followed byV " #0$, resulting in a
total of six diagrams contributing to the amplitude of the pro-
cess, which corresponds to the exchange of the three neutral
vector mesonsV = %0,& and' in the t andu channels, re-
spectively. In the conventional VMD model, pseudoscalar
mesons do not couple directly to photons but through the ex-
change of intermediate vectors; thus, the necessary interac-

tion terms to describe theVP$ vertex in this framework, con-
sistent with Lorentz,P, C, and gauge invariance, can be ob-
tained from the combination of the following two effective
Lagrangians [47, 48]

L VVP =
G

#
2

( µ)*+ tr
!
, µV) , * V+P

"
,

L V$ = $ 4eg f2# Aµ tr
!
QVµ

"
,

(2)

where G = 3g2

4#2 f#
, g is a generic electromagnetic coupling

constant, f# = 92.07 MeV is the pion decay constant,
( µ)*+ is the totally antisymmetric Levi-Civita tensor,Aµ

is the photon Þeld,Vµ and P are, respectively, the matri-
ces for the vector and pseudoscalar meson Þelds, andQ =
diag{ 2/ 3,$ 1/ 3,$ 1/ 3} is the quark-charge matrix. By com-
bining theV"$ and V#0$ interacting terms deduced from
Eq. (2) with the propagator of the exchanged vector mesons,
one can calculate the vector meson contributions to the" "
#0$$decay. We Þnd [7, 48]

A VMD
" " #0$$= !

V= %0,&,'

gV"$ gV#0$

#
(Páq2 $ m2

" ){ a} $ { b}

DV(t)
+

$
q2 % q1
t % u

%&

, (3)

wheret,u = ( P$ q2,1)2 = m2
" $ 2Páq2,1 are Mandelstam vari-

ables,{ a} and{ b} are the Lorentz structures deÞned as

{ a} = ( (1 á(2)(q1 áq2) $ ((1 áq2)( (2 áq1) ,

{ b} = ( (1 áq2)( (2 áP)(Páq1)+ ( (2 áq1)( (1 áP)(Páq2)

$ ((1 á(2)(Páq1)(Páq2) $ ((1 áP)( (2 áP)(q1 áq2) ,
(4)

whereP is the four-momentum of the decaying" meson, and
(1,2 andq1,2 are the polarisation and four-momentum vectors
of the Þnal photons, respectively. The denominatorDV(t) =
m2

V $ t $ imV" V is the vector meson propagator, withV = %0,
& and' . Due to the fact the the%0 meson has got a very large
decay width, the use of the usual Breit-Wigner prescription
is not justiÞed and, thus, one is compelled to make use of an
energy-dependent decay width

" %0(t) = " %0 & [(t $ 4m2
#)/ (m2

%0 $ 4m2
#)]3/ 2 & - (t $ 4m2

#) .
(5)

The amplitudes for the decays" ! " #0$$and" ! " "$$ have
a similar structure to that of Eq. (3), with the replacements
m2

" " m2
" ! , andgV"$ gV#0$ " gV" !$gV#0$ for the " ! " #0$$

andgV"$ gV#0$ " gV" !$gV"$ for the" ! " "$$ case.

The theoretical parametrization of theVP$ couplings in

Eq. (3), gVP$, can be written as [49, 50]

g%0#0$ =
1
3

g,

g%0"$ = gzNScos. P ,

g%0" !$ = gzNSsin. P ,

g&#0$ = gcos. V ,

g&"$ =
1
3

g
'

zNScos. Pcos. V $ 2
m
ms

zSsin. Psin. V

(
,

g&" !$ =
1
3

g
'

zNSsin. Pcos. V + 2
m
ms

zScos. Psin. V

(
,

g'# 0$ = gsin. V ,

g'"$ =
1
3

g
'

zNScos. Psin. V + 2
m
ms

zSsin. Pcos. V

(
,

g'" !$ =
1
3

g
'

zNSsin. Psin. V $ 2
m
ms

zScos. Pcos. V

(
,

(6)

where. P is the pseudoscalar" -" ! mixing angle in the quark-
ßavor basis,. V is the vector&-' mixing angle in the same
basis,m/ ms is the quotient of constituent quark masses2, and

2 The ßavour 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. SpeciÞcally, one introduces a multiplicativeSU(3)-breaking
term,i.e.1$ se ' m/ ms, in thes-quark entry of the quark-charge matrixQ
(see Ref. [50] for details).

4

zNS andzS are thenon-strangeandstrangemultiplicative fac-
tors accounting for the relative meson wavefunction overlaps
[49, 50]. For the present analysis, however, we Þx thegVP!
couplings directly from experiment as follows. From Eq. (2),
we calculate the decay widths for the radiative transitions
V ! P! andP ! V! , and Þnd

! V! P! =
1
3

g2
VP!

32"

!
m2

V " m2
P

mV

" 3

,

! P! V! =
g2

VP!

32"

!
m2

P " m2
V

mP

" 3

.

(7)

Next, using Eq. (7), in combination with the experimental de-
cay widths from the PDG [42], yield the empiricalgVP! cou-
plings provided in TableI.

The scalar meson exchange contributions can be assessed
by making use of the L# M. For our analysis, we use the
complementarity between this model and ChPT to include
the scalar meson poles at the same time as keeping the cor-
rect low-energy behavior expected from chiral symmetry [51].
Within this framework, the two$ (#) ! " 0!! processes pro-
ceed through kaon loops, and by exchanging thea0(980) in
theschannel and the%in thet andu channels. The$ #! $!!
decay is more complex as it proceeds through both kaon and

pion loops, with the# (600) and thef0(980) exchanged in the
s channel for both types of loops, whilst in theu andt chan-
nels the%is exchanged for kaon loops and thea0(980) for
pion loops. The loop contributions take place through com-
binations of three diagrams for each one of the intermediate
states, which added together give Þnite results. The ampli-
tudes for the three processes in the L# M can be expressed
as [7]

Decay BR [42] |gVP! | GeV" 1

&0 ! " 0! (4.7± 0.8) $ 10" 4 0.22(2)

&0 ! $! (3.00± 0.21) $ 10" 4 0.48(2)

$ #! &0! (29.5± 0.5)% 0.39(1)

' ! " 0! (8.34± 0.26)% 0.71(1)

' ! $! (4.5± 0.4) $ 10" 4 0.136(6)

$ #! '! (2.52± 0.07)% 0.122(2)

( ! " 0! (1.32± 0.06) $ 10" 3 0.041(1)

( ! $! (1.303± 0.025)% 0.2093(20)

( ! $ #! (6.22± 0.21) $ 10" 5 0.216(4)

TABLE I. PDG values [42] for the branching ratios of theV(P) !
P(V)! transitions and the calculatedgVP! couplings directly from
experiment (see Eq. (7) and associated text).

A L# M
$! " 0!! =

2) em

"
1

m2
K+

L(sK){ a} $ A L# M
K+ K" ! " 0$ , (8)

A L# M
$ #! " 0!! =

2) em

"
1

m2
K+

L(sK){ a} $ A L# M
K+ K" ! " 0$ #, (9)

A L# M
$ #! $!! =

2) em

"
1

m2
"

L(s" ){ a} $ A L# M
" + " " ! $$ #+

2)
"

1
m2

K+

L(sK){ a} $ A L# M
K+ K" ! $$ #, (10)

where) em is the electromagnetic Þne-structure constant,L(z)
is the loop integral,s" ,K = s/ m2

" ,K, with s being the invariant
mass of the two photons,{ a} is the Lorentz structure deÞned
in Eq. (4), andA L# M

$ (#) " 0! K+ K" andA L# M
$ #$ ! K+ K" (" + " " ) are the

four-pseudoscalar amplitudes. The explicit expressions for
L(z), A L# M

$ (#) " 0! K+ K" and A L# M
$ #$ ! K+ K" (" + " " ) are collected in

AppendixA to make this work self-contained.

B. Beyond the Standard Model:B-boson contribution

In analogy to the VMD contributions detailed in the previ-
ous subsection, we next deÞne the framework to include inter-
mediateB-boson exchanges to the decay amplitude.

The diagrammatic representation of the decay process is
depicted in Fig.2 for the $ ! " 0!! case.3 This contribu-

3 It should be mentioned that the same diagram where theBboson is replaced

tion can be assessed from the conventional VMDVVP and
V! Lagrangians given in Eq. (2), supplemented by an effec-
tive Lagrangian that describes theVBinteraction. The latter is
formally identical to theV! , with the substitutionsAµ ! Bµ ,
e! gB andQ ! diag{ 1/ 3,1/ 3,1/ 3} , and it is given by

L VB = " 4
1
3

gBg f2
" Bµ tr [Vµ ] . (11)

From theVVP andVB Lagrangians in Eqs. (2) and (11),
respectively, along with the correspondingV-meson propaga-
tors, it is straightforward to obtain expressions for thegBP!
couplings in terms of the genericB-boson couplinggB. The
gBP! couplings are energy dependent (i.e. they depend on the

by a photon also exists. However, this is not considered in the present anal-
ysis given that this contribution is highly suppressed with respect to the in-
termediate vector exchanges that we are already considering (cf. Sec.II A )
and introduces unnecessary complexity.

L! M:

B boson:
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" , #
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"
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FIG. 2. Schematic diagram of theB-boson exchange mechanism for
the decay! ! " 0##.

Mandelstam variablest or u) and read

gB" 0#(t) =
egB

4" 2 f"
F$ (t) , (12)

gB!# (t) =
egB

12" 2 f"

!
cos%PF$ (t) +

"
2sin%PF&(t)

"
, (13)

gB! ##(t) =
egB

12" 2 f"

!
sin%PF$ (t) $

"
2cos%PF&(t)

"
.(14)

The functionsFV(s) in the previous equations are form factors
that account for the$ and& propagation, and are given by

FV(s) =
m2

V

m2
V $ s$ imV! V

. (15)

Combining thegB" 0# and gB!# couplings from Eqs. (12)
and (13), respectively, with the propagator of theB boson,
allows one to Þnd theB-boson exchange contribution to the
amplitude of the! ! " 0##decay. This is given by

A Bboson
! ! " 0##= gB!# (t)gB" 0#(t)

#
(Páq2 $ m2

! ){ a} $ { b}

DB(t)
+

$
q2 % q1

t % u

%&

, (16)

whereDB(t) = m2
B $ t $ imB! B is theB-boson propagator,t

and u are Mandelstam variables, and{ a} and { b} are the
Lorentz structures from Eq. (4). In terms of' B, the product
of couplingsgB!# (t)gB" 0#(t) reads

gB!# (t)gB" 0#(t) =
' em' B

3" 2 f 2
"

'
cos%PF$ (t)

+
"

2sin%PF&(t)
(
F$ (t) .

(17)

TheB-boson contribution to the amplitudes of the! #! " 0##
and ! # ! !## decays have a similar structure to that of
Eq. (16), with the replacementsm2

! ! m2
! #, andgB!# gB" 0# !

gB! ##gB" 0# for the! #! " 0##andgB!# gB" 0# ! gB! ##gB!# for
the! #! !## .

The decay widths for the radiative transitions! (#) ! B# and
B ! " 0#, ! (#)# can be calculated from Eqs. (12)-(14) and the
analogous to Eq. (7). They are given by

! ! ! B# =
' em' Bm3

!

288" 3 f 2
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cos%PF$ (m2

B)
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* 3
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288" 3 f 2
"

'
sin%PF$ (m2

B)

$
"

2cos%PF&(m2
B)

( 2
)

1$
m2

B

m2
! #

* 3
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for theB production from! (#) decays and
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B
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1$
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"

m2
B

, 3
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for the B-boson decays. The leptonic decays stem from the
kinetic mixing of theB boson with the photon, cf. Eq. (1), and
read [8]

! B! ! + ! $ =
' em( 2mB

3

+
1+ 2

m2
!

m2
B

, -

1$ 4
m2

!

m2
B

, (23)

whilst the decay to" + " $ , which also depends on( , is given
by [8]
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' em( 2mB
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+
1$ 4
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B)|2 , (24)
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FIG. 2. Schematic diagram of theB-boson exchange mechanism for
the decay! ! " 0##.
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for the B-boson decays. The leptonic decays stem from the
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The functionsFV(s) in the previous equations are form factors
that account for the$ and& propagation, and are given by
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Combining thegB" 0# and gB!# couplings from Eqs. (12)
and (13), respectively, with the propagator of theB boson,
allows one to Þnd theB-boson exchange contribution to the
amplitude of the! ! " 0##decay. This is given by
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whereDB(t) = m2
B $ t $ imB! B is theB-boson propagator,t
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and ! # ! !## decays have a similar structure to that of
Eq. (16), with the replacementsm2

! ! m2
! #, andgB!# gB" 0# !

gB! ##gB" 0# for the! #! " 0##andgB!# gB" 0# ! gB! ##gB!# for
the! #! !## .

The decay widths for the radiative transitions! (#) ! B# and
B ! " 0#, ! (#)# can be calculated from Eqs. (12)-(14) and the
analogous to Eq. (7). They are given by

! ! ! B# =
' em' Bm3

!

288" 3 f 2
"

'
cos%PF$ (m2

B)

+
"

2sin%PF&(m2
B)

( 2
)

1$
m2

B

m2
!

* 3

, (18)

! ! #! B# =
' em' Bm3

! #

288" 3 f 2
"

'
sin%PF$ (m2

B)

$
"

2cos%PF&(m2
B)

( 2
)

1$
m2

B

m2
! #

* 3

, (19)

for theB production from! (#) decays and

! B! " 0# =
' em' Bm3

B

96" 3 f 2
"

+
1$

m2
"

m2
B

, 3

|F$ (m2
B)|2 , (20)

! B! !# =
' em' Bm3

B

864" 3 f 2
"

'
cos%PF$ (m2

B)

+
"

2sin%PF&(m2
B)

( 2
)

1$
m2

!

m2
B

* 3

, (21)

! B! ! ## =
' em' Bm3

B

864" 3 f 2
"

'
sin%PF$ (m2

B)

$
"

2cos%PF&(m2
B)

( 2
)

1$
m2

! #

m2
B

* 3

, (22)

for the B-boson decays. The leptonic decays stem from the
kinetic mixing of theB boson with the photon, cf. Eq. (1), and
read [8]

! B! ! + ! $ =
' em( 2mB

3

+
1+ 2

m2
!

m2
B

, -

1$ 4
m2

!

m2
B

, (23)

whilst the decay to" + " $ , which also depends on( , is given
by [8]

! B! " + " $ =
' em( 2mB

12

+
1$ 4

m2
"

m2
B

, 3/ 2

|F" (m2
B)|2 , (24)

5

!

" , #

" , # B

"

$

% $

&0

FIG. 2. Schematic diagram of theB-boson exchange mechanism for
the decay! ! " 0##.

Mandelstam variablest or u) and read

gB" 0#(t) =
egB

4" 2 f"
F$ (t) , (12)

gB!# (t) =
egB

12" 2 f"

!
cos%PF$ (t) +

"
2sin%PF&(t)

"
, (13)

gB! ##(t) =
egB

12" 2 f"

!
sin%PF$ (t) $

"
2cos%PF&(t)

"
.(14)

The functionsFV(s) in the previous equations are form factors
that account for the$ and& propagation, and are given by

FV(s) =
m2

V

m2
V $ s$ imV! V

. (15)

Combining thegB" 0# and gB!# couplings from Eqs. (12)
and (13), respectively, with the propagator of theB boson,
allows one to Þnd theB-boson exchange contribution to the
amplitude of the! ! " 0##decay. This is given by

A Bboson
! ! " 0##= gB!# (t)gB" 0#(t)

#
(Páq2 $ m2

! ){ a} $ { b}

DB(t)
+

$
q2 % q1

t % u

%&

, (16)

whereDB(t) = m2
B $ t $ imB! B is theB-boson propagator,t

and u are Mandelstam variables, and{ a} and { b} are the
Lorentz structures from Eq. (4). In terms of' B, the product
of couplingsgB!# (t)gB" 0#(t) reads

gB!# (t)gB" 0#(t) =
' em' B

3" 2 f 2
"

'
cos%PF$ (t)

+
"

2sin%PF&(t)
(
F$ (t) .

(17)

TheB-boson contribution to the amplitudes of the! #! " 0##
and ! # ! !## decays have a similar structure to that of
Eq. (16), with the replacementsm2

! ! m2
! #, andgB!# gB" 0# !

gB! ##gB" 0# for the! #! " 0##andgB!# gB" 0# ! gB! ##gB!# for
the! #! !## .

The decay widths for the radiative transitions! (#) ! B# and
B ! " 0#, ! (#)# can be calculated from Eqs. (12)-(14) and the
analogous to Eq. (7). They are given by

! ! ! B# =
' em' Bm3

!

288" 3 f 2
"

'
cos%PF$ (m2

B)

+
"

2sin%PF&(m2
B)

( 2
)

1$
m2

B

m2
!

* 3

, (18)

! ! #! B# =
' em' Bm3

! #

288" 3 f 2
"

'
sin%PF$ (m2

B)

$
"

2cos%PF&(m2
B)

( 2
)

1$
m2

B

m2
! #

* 3

, (19)

for theB production from! (#) decays and

! B! " 0# =
' em' Bm3

B

96" 3 f 2
"

+
1$

m2
"

m2
B

, 3

|F$ (m2
B)|2 , (20)

! B! !# =
' em' Bm3

B

864" 3 f 2
"

'
cos%PF$ (m2

B)

+
"

2sin%PF&(m2
B)

( 2
)

1$
m2

!

m2
B

* 3

, (21)

! B! ! ## =
' em' Bm3

B

864" 3 f 2
"

'
sin%PF$ (m2

B)

$
"

2cos%PF&(m2
B)

( 2
)

1$
m2

! #

m2
B

* 3

, (22)

for the B-boson decays. The leptonic decays stem from the
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DB(t) = m2
B − t − i t ΓB(t)



How are these processes calculated?
B boson width: 7
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FIG. 3. Normalised width of theB boson,! B(m2
B)/ $B, as a function

of mB from Eq. (33).

with the energy-dependent quantities given, respectively, by
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whilst ÷! B! #+ #" #0(t) needs to be evaluated numerically.4 In
Fig.3, the total normalised width! B(m2

B)/ $B is displayed as
a function ofmB.

With the above theoretical tools, we are in a position to
place limits on$B andmB using the branching ratios measured
by the different experimental collaborations. We start with the
& ! #0!! decay using the PDG reported value, BR= ( 2.56±
0.22) $ 10" 4 [42], as well as the (preliminary) value from the
KLOE collaboration, BR= ( 1.23± 0.14) $ 10" 4 [36] (see
also Ref. [52]). In Fig.4, we show the associated limits in
the $BÐmB plane, which are found by requiring our predic-
tion from the amplitude in Eq. (31) to not exceed the corre-
sponding branching ratios at 2' . The grey area is excluded

4 Equivalently, one can simply carry out the substitutionm2
B ! t,s in

! B! #+ #" #0 and set÷! B! #+ #" #0(t) = 1.

by the data from KLOE, which yield a more stringent limit
than that resulting from the PDG (solid red line). This is no
surprise, as the BR from KLOE is found to be in good agree-
ment with our SM prediction from Ref. [7] obtained with-
out any B-boson contribution, BR= ( 1.35± 0.08) $ 10" 4,
and, thus, the associated constraints are signiÞcantly stronger.
The dashed black line in the Þgure is found using the data
from KLOE but with the QCD contribution from vector and
scalar meson exchanges set to zero. In this case, the limit is
found to be in agreement with that of Ref. [8], which, as ex-
plained before, was obtained assuming no contribution from
QCD and using the narrow width approximation, i.e. BR(& !
#0!! ) = BR(& ! B! ) $ BR(B ! #0! ), with BR(& ! B! )
from Eq. (21) and BR(B ! #0! ) = 1. Clearly, the effects of
QCD are not negligible as the limits on$B become an order
of magnitude weaker when QCD is turned off.

The shape and size of the excluded region in Fig.4 contains
key physical information. In this Þgure, three different regions
are observed. The Þrst one corresponds tomB ! m#0, where
$B % O(1). At mB % m#0, the constraint on the coupling
plummets by almost six orders of magnitude down to$B %
10" 6, it then moderately increases to Þnally take a steep rise
whenmB approachesm&, reaching$B % 10" 2. Finally, for
m& ! mB the constraint on the coupling grows very smoothly
asmB increases. Out of the three, them#0 ! mB ! m& region
deserves special attention and raises the question as to why$B
is constrained so strongly there. The answer to this is related
to the fact that theB-boson width is extremely small in this
region of parameter space.

Let us look into this in more detail. By noticing from Fig.3
that, within them#0 ! mB ! m& mass range, the narrow-width
approximation is valid, allows us to write the squared modu-
lus of theB-boson propagator as#/ (mB! B)( (t " m2

B), under
the phase-space integral. For aB-boson whose squared mass
falls within the kinematic space for the variablet deÞned in
Eq. (30), i.e. tmin & m2

B & tmax, the phase-space integral over
dt places theB boson on-shell and, therefore, one is allowed
to write

! (& ! #0!! ) "
& $ 2

Bdt
|DBboson(t)|2

!
$ 2

B#
mB! B(m2

B)
. (37)

As it can be seen in Fig.3, ! B(m2
B)/ $B is very small within

the kinematic region of interest for the present discussion
(i.e. m#0 ! mB ! m&), which, in the! B(t)/ $B ! 0 limit,
forces$B ! 0 so that! (& ! #0!! ) remains Þnite.

Next, we show the exclusion plots associated to the two&'

decays in Fig.5. On the left-hand side, we display the region
of the$BÐmB plane excluded by the BESIII collaboration BR
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whilst ÷! B! #+ #" #0(t) needs to be evaluated numerically.4 In
Fig.3, the total normalised width! B(m2

B)/ $B is displayed as
a function ofmB.

With the above theoretical tools, we are in a position to
place limits on$B andmB using the branching ratios measured
by the different experimental collaborations. We start with the
& ! #0!! decay using the PDG reported value, BR= ( 2.56±
0.22) $ 10" 4 [42], as well as the (preliminary) value from the
KLOE collaboration, BR= ( 1.23± 0.14) $ 10" 4 [36] (see
also Ref. [52]). In Fig.4, we show the associated limits in
the $BÐmB plane, which are found by requiring our predic-
tion from the amplitude in Eq. (31) to not exceed the corre-
sponding branching ratios at 2' . The grey area is excluded
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by the data from KLOE, which yield a more stringent limit
than that resulting from the PDG (solid red line). This is no
surprise, as the BR from KLOE is found to be in good agree-
ment with our SM prediction from Ref. [7] obtained with-
out any B-boson contribution, BR= ( 1.35± 0.08) $ 10" 4,
and, thus, the associated constraints are signiÞcantly stronger.
The dashed black line in the Þgure is found using the data
from KLOE but with the QCD contribution from vector and
scalar meson exchanges set to zero. In this case, the limit is
found to be in agreement with that of Ref. [8], which, as ex-
plained before, was obtained assuming no contribution from
QCD and using the narrow width approximation, i.e. BR(& !
#0!! ) = BR(& ! B! ) $ BR(B ! #0! ), with BR(& ! B! )
from Eq. (21) and BR(B ! #0! ) = 1. Clearly, the effects of
QCD are not negligible as the limits on$B become an order
of magnitude weaker when QCD is turned off.

The shape and size of the excluded region in Fig.4 contains
key physical information. In this Þgure, three different regions
are observed. The Þrst one corresponds tomB ! m#0, where
$B % O(1). At mB % m#0, the constraint on the coupling
plummets by almost six orders of magnitude down to$B %
10" 6, it then moderately increases to Þnally take a steep rise
whenmB approachesm&, reaching$B % 10" 2. Finally, for
m& ! mB the constraint on the coupling grows very smoothly
asmB increases. Out of the three, them#0 ! mB ! m& region
deserves special attention and raises the question as to why$B
is constrained so strongly there. The answer to this is related
to the fact that theB-boson width is extremely small in this
region of parameter space.

Let us look into this in more detail. By noticing from Fig.3
that, within them#0 ! mB ! m& mass range, the narrow-width
approximation is valid, allows us to write the squared modu-
lus of theB-boson propagator as#/ (mB! B)( (t " m2

B), under
the phase-space integral. For aB-boson whose squared mass
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dt places theB boson on-shell and, therefore, one is allowed
to write
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As it can be seen in Fig.3, ! B(m2
B)/ $B is very small within

the kinematic region of interest for the present discussion
(i.e. m#0 ! mB ! m&), which, in the! B(t)/ $B ! 0 limit,
forces$B ! 0 so that! (& ! #0!! ) remains Þnite.

Next, we show the exclusion plots associated to the two&'

decays in Fig.5. On the left-hand side, we display the region
of the$BÐmB plane excluded by the BESIII collaboration BR
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FIG. 4. Limits on the leptophobicB-boson coupling! B for different
mB masses from the" ! #0$$ BR measurements by KLOE [36]
(black line) and the PDG [42] (red line). The grey shaded region is
excluded by KLOE and the dashed lines correspond to the limits with
the QCD contributions switched off.

measurement for the" " ! #0$$decay, BR= ( 3.20± 0.07±
0.23) # 10$ 3 [43], and, on the right-hand side, the correspond-
ing one for the" " ! "$$, BR = ( 8.25± 3.41± 0.72) # 10$ 5

[44], both at a conÞdence level of 2%. The shape of the ex-
cluded region for the" " ! #0$$ is clearly different to that
of the " ! #0$$decay (cf. Fig.4). In particular, the limits
within the m#0 ! mB ! m" mass range, whilst still showing
the shape resembling a keel, are about 4 orders of magnitude
weaker than those coming from" ! #0$$. There are two
contributing effects required to explain this. On the one hand,
there are inherent dynamical differences in theB-boson pro-
duction of the two decays (cf. Eqs. (18) and (19)). On the other
hand, there are kinematic inßuences that also need to be ac-
counted for. SpeciÞcally, if one applies the NWA to both theB
boson5 and& propagators, a factor like' (t $ m2

B)' (t $ m2
& )

is obtained, which under the phase-space integral results in
' (m2

& $ m2
B).6 This Dirac delta suppresses the contribution of

theB boson to the decay process whenmB %&m& and, hence,
forces the exclusion limit to be weaker in this region. In
contrast, theB-boson contribution is largely ampliÞed when
mB & m& and, therefore, the exclusion limit becomes much
stronger in this area, which would make it difÞcult to experi-
mentally identify aB boson with a mass around the pole of the
& resonance. The regionm" ! mB ! m& is less constrained,
and, thus, appears to be a good place to look for an enhance-
ment in them2

#0$ invariant mass.

The limits from the" " ! "$$ process (right plot in Fig.5)
in them" ! mB region are similar to the ones from" " ! #0$$.
Having said that, the keel shape appearing in them#0 ! mB !

5 This approximation is reasonable formB ! 600 MeV, as can be checked in
Fig. 3. Beyond this point, the use of the NWA is questionable. As we are
only attempting to provide a qualitative explanation, this limitation does
not really concern us here.

6 There is no need to consider the( propagator given that the available phase
space does not allow the( to resonate.

m" mass range of the" " ! #0$$ and " ! #0$$ exclusion
plots is missing in the" " ! "$$ one, which is down to the fact
that the phase space of the latter does not allow theB boson
to resonate in this range ofB-boson masses and, therefore, the
constraints turn out to be weaker. All in all, the" " ! #0$$
and" " ! "$$ decays do not appear to be as powerful as the
" ! #0$$for constraining theB-boson parameters.

The smoking gun signature of aB boson in them#0 ! mB !
m" region is to observe a peak at aroundmB in the m#0$ in-
variant mass distribution. In Fig.6, we show the quantita-
tive effect of aB boson on them2

#0$ energy spectrum of the

" ! #0$$decay using two sets of representative values for
! B andmB, i.e.

! B = 10$ 6, mB = 250MeV, (38)

and

! B = 10$ 2, mB = 540MeV. (39)

In this Þgure, the solid black line corresponds to our SM pre-
diction [7], whereas the effect of including theB boson is
shown by the dashed red and dotted green lines for the two sets
of ! B andmB values in Eqs. (38) and (38), respectively. As it
can be seen, the differences in the spectrum introduced by the
B-boson contribution are very small and it is very difÞcult to
distinguish them from the SM prediction. In fact, the allowed
values for! B in them#0 ! mB ! m" region are so small that
it makes theB-boson signal strongly suppressed, rendering
the task of experimentally identifying it close to impossible.
For this reason, aB boson in the mass rangem#0 ! mB ! m"
cannot explain the normalisation offset that appears to be af-
fecting the experimentalm2

$$ invariant mass distribution from
the A2 [53] and Crystal Ball [55] collaborations with respect
to our VMD and L%M prediction [7]. This is corroborated
by Þts to the available experimental diphoton energy spectra
that we use in the following to determine which region of the
allowed! BÐmB plane in Fig.4 is preferred by the data. For
this, we deÞne the following) 2 function

) 2
data= !

i= 1

!
d" exp

i / dm2
$$$ d" th

i / dm2
$$

%d" exp
i / dm2

$$

" 2

, (40)

whered" exp
i / dm2

$$ and%d" exp
i / dm2

$$
are, respectively, the ex-

perimental partial width and the corresponding error in thei-
th bin, whilstd" th

i / dm2
$$ is the associated theoretical result for

thei-th bin. For our Þts, we use the experimental data for the
diphoton energy spectra from the Crystal Ball [55] and KLOE
(preliminary) [52]7 collaborations.8 The sum in Eq. (40) runs

7 Whilst KLOE has published a BR for the" ! #0$$process in a conference
proceedings [36], the diphoton spectra has not yet been published, although
it was presented at The 10th International Workshop on Chiral Dynamics
2021 [52]. For our analysis, we have retrieved the data points from their
presentationÕs Þgure. We thank KLOE for the email communications [54].

8 We also tried to carry out Þts to the A2 data but did not Þnd convergent
solutions using two free parameters. When Þts were attempted using the
B-boson width as an additional free parameter, though, good convergence
was achieved.

R. Escribano, S. Gonzàlez-Solís and E. Royo, arXiv: 2207.14263 [hep-ph]

Not assuming the NWA

and QCD contribution on

and

BR(η → π0γγ) < BRexp at 2σ

BR(PDG)= (2.56 ± 0.22) × 10−4

BR(KLOE)= (1.23 ± 0.14) × 10−4 B. Cao [KLOE-2], PoS EPS-HEP2021 (2022) 409

P. A. Zyla et. Al. [PDG], PTEP 2020 (2020) 093C01
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FIG. 5. Limits on the leptophobicB-boson coupling! B for differentmB masses from the BR measurements of the decays" ! " #0$$(left
plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
with the QCD contributions set to zero.

FIG. 6. Invariantm2
#0$ mass distribution for the" " #0$$decay us-

ing our theoretical, VMD and L%M prediction [7] (solid black line).
Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).

over the corresponding experimental points. Using the data
from Crystal Ball, we obtain the following best Þt values

! B = 0.40+ 0.07
# 0.08, mB = 583+ 32

# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd

! B = 0.049+ 40
# 27, mB = 135+ 1

# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.

η′￼ → π0γγ η′￼ → ηγγ

BR(BESIII)= (3.20 ± 0.07 ± 0.23) × 10−3

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

BR(BESIII)= (8.25 ± 3.41 ± 0.72) × 10−3

M. Ablikim et. al. [BESIII], Phys. Rev. D 100 (2019) 052015

R. Escribano, S. Gonzàlez-Solís and E. Royo, arXiv: 2207.14263 [hep-ph]
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FIG. 5. Limits on the leptophobicB-boson coupling! B for differentmB masses from the BR measurements of the decays" ! " #0$$(left
plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
with the QCD contributions set to zero.
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FIG. 6. Invariantm2
#0$ mass distribution for the" " #0$$decay us-

ing our theoretical, VMD and L%M prediction [7] (solid black line).
Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).

over the corresponding experimental points. Using the data
from Crystal Ball, we obtain the following best Þt values

! B = 0.40+ 0.07
# 0.08, mB = 583+ 32

# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd

! B = 0.049+ 40
# 27, mB = 135+ 1

# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.
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FIG. 7. KLOE (green triangles) [52], A2 (blue circles) [53] and Crys-
tal Ball (red squares) [55] measurements of them2

!! invariant mass
distribution for the" ! #0!! decay, as well as our SM (VMD and
L$ M) prediction (solid black line) [7] and SM withB boson predic-
tions using the Þtted parameters from Eqs. (41) and (42).

with %2
min/ d.o.f = 11.73/ 11 = 1.07 and %2

min/ d.o.f =
12.52/ 11 = 1.14, respectively, where the errors correspond
to %2

min + 1. The distributions using the Þtted parameters
from Eqs. (43) and (44) are shown in Fig.8 (dotted grey
and dotted red lines, respectively), together with the experi-
mental data (blue squares) and the SM prediction [7] (solid
black line). It is interesting to notice the sudden drops in
the SM withB boson distributions atm2

!! " 0.33 GeV2 (dot-
ted grey line) and atm2

!! " 0.23 GeV2 (dotted red line).
These sudden drops can be understood as follows: so long
astmin(s) # m2

B # tmax(s) $ s%[smin,smax], then the available
phase space allows theB boson to resonate; however, for val-
ues ofssuch thatm2

B # tmin(s) or tmax(s) # m2
B, then theB bo-

son no longer resonates and its contribution to the amplitude
suddenly plummets producing these sudden drops depicted in
Fig. 8. It must be noted that this effect also applies to the&
meson and is responsible for the sudden drop in the SM distri-
bution aroundm2

!! " 0.30 GeV2. Given that this is a kinematic
effect, it will always be present in the spectrum so long as
tmin(smin) # m2

B # tmax(smin), although it becomes a relatively
small effect and is difÞcult to detect beyondm2

!! ! 0.4 GeV2

for this particular decay. What is interesting about this is that,
even though the%2 of the Þts in Eqs. (43) and (44) is very
good, the associated integrated branching ratios deviate from
the experimental counterparts due to the effect of the wiggles
on the distributions. In addition, as it can clearly be seen, the
Þt parameters from Eq. (43) (grey line in Fig.8) would lead to
larger than observed bin values for the experimental points 10
and 11. All this might be pointing towards the possibility that
the existence of theB boson is not consistent with experimen-
tal data for this process. Once again, the different individual
contributions to them2

!! invariant mass distribution are pre-
sented in AppendixB 2.

Finally, a joint Þt to the experimental invariant mass dis-
tributions from KLOE and BESIII for the" ! #0!! and
" &! #0!! decays, respectively, is carried out. The joint Þt

FIG. 8. BESIII (blue squares) [43] measurements of them2
!! invariant

mass distribution for the" &! #0!! decay, as well as our SM (VMD
and L$ M) prediction (solid black line) [7] and our SM withB boson
predictions using the Þtted parameters from Eqs. (43) and (44).

gives two relatively similar minima

' B = 0.005(1) , mB = 759(1) MeV, (45)

and

' B = 5(2) ' 10( 4 , mB = 780+ 3
( 4 MeV, (46)

with %2
min/ d.o.f = 19.61/ 18 = 1.09 and %2

min/ d.o.f =
23.71/ 18 = 1.32, respectively, where the errors correspond,
once again, to%2

min + 1. The distributions using the Þtted pa-
rameters from Eqs. (45) and (46) are shown in Fig.9 (dot-
ted grey and dotted red lines, respectively), together with
the experimental data from KLOE (green triangles) for the
" ! #0!! decay and BESIII (blue squares) for the" &! #0!! ,
as well as the SM prediction [7] (solid black line). The joint Þt
minimum found in Eq. (45) is the same as the one in Eq. (43)
from the Þt to the BESIII data only, whilst the joint Þt mini-
mum in Eq. (46) is neither a global minimum for the KLOE
nor the BESIII individual Þts, thus a best compromise be-
tween the two sets of data. Note that the individual BESIII
minimum in Eq. (44) is completely wiped out by the effect
described in the paragraph above Eq. (37), once the KLOE
data is added to the Þt, and the individual KLOE minimum in
Eq. (42) is no longer a global minimum, just a local one, once
the BESIII data is taken into account in the joint Þt.

It is interesting to note that, for the" ! #0!! decay, both
sets ofB-boson parameters from the joint Þt, Eqs. (45) and
(46), lead to noB-boson contribution to the associated spec-
trum. In addition, for the" &! #0!! process, the Þtted param-
eters from Eq. (45) (dotted grey line in Fig.9) would result in
larger than observed bin values for the experimental points 10
and 11, so this solution may be ruled out. Furthermore, the
Þtted parameters from Eq. (46) give rise to aB-boson width
of ! B " 5.1 MeV. So, for this particular solution, bothmB and
! B are effectively the same as those from the& vector meson.
Accordingly, the end effect is to enhance the distribution with
respect to the SM prediction form2

!! " 0.30 GeV2, where the

Crystal Ball:
KLOE:

9

FIG. 5. Limits on the leptophobicB-boson coupling! B for differentmB masses from the BR measurements of the decays" ! " #0$$(left
plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
with the QCD contributions set to zero.

FIG. 6. Invariantm2
#0$ mass distribution for the" " #0$$decay us-

ing our theoretical, VMD and L%M prediction [7] (solid black line).
Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).

over the corresponding experimental points. Using the data
from Crystal Ball, we obtain the following best Þt values

! B = 0.40+ 0.07
# 0.08, mB = 583+ 32

# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd

! B = 0.049+ 40
# 27, mB = 135+ 1

# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.
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FIG. 5. Limits on the leptophobicB-boson coupling! B for differentmB masses from the BR measurements of the decays" ! " #0$$(left
plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
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FIG. 6. Invariantm2
#0$ mass distribution for the" " #0$$decay us-

ing our theoretical, VMD and L%M prediction [7] (solid black line).
Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).

over the corresponding experimental points. Using the data
from Crystal Ball, we obtain the following best Þt values

! B = 0.40+ 0.07
# 0.08, mB = 583+ 32

# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd

! B = 0.049+ 40
# 27, mB = 135+ 1

# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.

η → π0γγ

χ2
min /dof = 0.4/5 = 0.1

χ2
min /dof = 4.5/5 = 0.9
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FIG. 7. KLOE (green triangles) [52], A2 (blue circles) [53] and Crys-
tal Ball (red squares) [55] measurements of them2

!! invariant mass
distribution for the" ! #0!! decay, as well as our SM (VMD and
L$ M) prediction (solid black line) [7] and SM withB boson predic-
tions using the Þtted parameters from Eqs. (41) and (42).

with %2
min/ d.o.f = 11.73/ 11 = 1.07 and %2

min/ d.o.f =
12.52/ 11 = 1.14, respectively, where the errors correspond
to %2

min + 1. The distributions using the Þtted parameters
from Eqs. (43) and (44) are shown in Fig.8 (dotted grey
and dotted red lines, respectively), together with the experi-
mental data (blue squares) and the SM prediction [7] (solid
black line). It is interesting to notice the sudden drops in
the SM withB boson distributions atm2

!! " 0.33 GeV2 (dot-
ted grey line) and atm2

!! " 0.23 GeV2 (dotted red line).
These sudden drops can be understood as follows: so long
astmin(s) # m2

B # tmax(s) $ s%[smin,smax], then the available
phase space allows theB boson to resonate; however, for val-
ues ofssuch thatm2

B # tmin(s) or tmax(s) # m2
B, then theB bo-

son no longer resonates and its contribution to the amplitude
suddenly plummets producing these sudden drops depicted in
Fig. 8. It must be noted that this effect also applies to the&
meson and is responsible for the sudden drop in the SM distri-
bution aroundm2

!! " 0.30 GeV2. Given that this is a kinematic
effect, it will always be present in the spectrum so long as
tmin(smin) # m2

B # tmax(smin), although it becomes a relatively
small effect and is difÞcult to detect beyondm2

!! ! 0.4 GeV2

for this particular decay. What is interesting about this is that,
even though the%2 of the Þts in Eqs. (43) and (44) is very
good, the associated integrated branching ratios deviate from
the experimental counterparts due to the effect of the wiggles
on the distributions. In addition, as it can clearly be seen, the
Þt parameters from Eq. (43) (grey line in Fig.8) would lead to
larger than observed bin values for the experimental points 10
and 11. All this might be pointing towards the possibility that
the existence of theB boson is not consistent with experimen-
tal data for this process. Once again, the different individual
contributions to them2

!! invariant mass distribution are pre-
sented in AppendixB 2.

Finally, a joint Þt to the experimental invariant mass dis-
tributions from KLOE and BESIII for the" ! #0!! and
" &! #0!! decays, respectively, is carried out. The joint Þt
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FIG. 8. BESIII (blue squares) [43] measurements of them2
!! invariant

mass distribution for the" &! #0!! decay, as well as our SM (VMD
and L$ M) prediction (solid black line) [7] and our SM withB boson
predictions using the Þtted parameters from Eqs. (43) and (44).

gives two relatively similar minima

' B = 0.005(1) , mB = 759(1) MeV, (45)

and

' B = 5(2) ' 10( 4 , mB = 780+ 3
( 4 MeV, (46)

with %2
min/ d.o.f = 19.61/ 18 = 1.09 and %2

min/ d.o.f =
23.71/ 18 = 1.32, respectively, where the errors correspond,
once again, to%2

min + 1. The distributions using the Þtted pa-
rameters from Eqs. (45) and (46) are shown in Fig.9 (dot-
ted grey and dotted red lines, respectively), together with
the experimental data from KLOE (green triangles) for the
" ! #0!! decay and BESIII (blue squares) for the" &! #0!! ,
as well as the SM prediction [7] (solid black line). The joint Þt
minimum found in Eq. (45) is the same as the one in Eq. (43)
from the Þt to the BESIII data only, whilst the joint Þt mini-
mum in Eq. (46) is neither a global minimum for the KLOE
nor the BESIII individual Þts, thus a best compromise be-
tween the two sets of data. Note that the individual BESIII
minimum in Eq. (44) is completely wiped out by the effect
described in the paragraph above Eq. (37), once the KLOE
data is added to the Þt, and the individual KLOE minimum in
Eq. (42) is no longer a global minimum, just a local one, once
the BESIII data is taken into account in the joint Þt.

It is interesting to note that, for the" ! #0!! decay, both
sets ofB-boson parameters from the joint Þt, Eqs. (45) and
(46), lead to noB-boson contribution to the associated spec-
trum. In addition, for the" &! #0!! process, the Þtted param-
eters from Eq. (45) (dotted grey line in Fig.9) would result in
larger than observed bin values for the experimental points 10
and 11, so this solution may be ruled out. Furthermore, the
Þtted parameters from Eq. (46) give rise to aB-boson width
of ! B " 5.1 MeV. So, for this particular solution, bothmB and
! B are effectively the same as those from the& vector meson.
Accordingly, the end effect is to enhance the distribution with
respect to the SM prediction form2

!! " 0.30 GeV2, where the

BESIII:
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FIG. 5. Limits on the leptophobicB-boson coupling! B for differentmB masses from the BR measurements of the decays" ! " #0$$(left
plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
with the QCD contributions set to zero.

FIG. 6. Invariantm2
#0$ mass distribution for the" " #0$$decay us-

ing our theoretical, VMD and L%M prediction [7] (solid black line).
Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).

over the corresponding experimental points. Using the data
from Crystal Ball, we obtain the following best Þt values

! B = 0.40+ 0.07
# 0.08, mB = 583+ 32

# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd

! B = 0.049+ 40
# 27, mB = 135+ 1

# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.
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plot) [43] and" ! " "$$ (right plot) [44] by BESIII. The grey shaded region is excluded and the dashed black line corresponds to the limit
with the QCD contributions set to zero.
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Also shown are the spectra including theB-boson contribution using
the two sets of representative values for! B andmB from Eqs. (38)
(dashed red line) and (39) (dotted green line).
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# 20 MeV, (41)

with a &2
min/ d.o.f = 0.42/ 5 = 0.08, whereas, for the KLOE

data, we Þnd
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# 135 MeV, (42)

with a &2
min/ d.o.f = 4.46/ 5 = 0.89. Because of the large er-

rors associated to the experimental points from Crystal Ball,
the&2

min/d.o.f turns out to be extremely small. The&2
min/d.o.f

of the Þt to the KLOE data implies a good quality of the Þt.
The errors associated to the above Þtted parameters have been
found by perturbing one of the parameters at a time such that
&2 = &2

min + 1 [42].
The theoreticalm2

$$ invariant mass distributions using the
parameters from the Þts in Eqs. (41) and (42) to the Crys-

tal Ball and KLOE data, respectively, are shown in Fig.7 with
dashed and dotted black lines. Also plotted are the experimen-
tal data points and the SM (i.e. VMD and L%M) prediction
[7] (solid black line). The different individual contributions
to the invariant mass distributions are shown in AppendixB 1.
It is worth noticing that the inclusion of a non-resonantB bo-
son in thet and u channels, using the parameters obtained
in Eq. (41), help explain the tension between the Crystal Ball
spectrum and the SM result [7].9 Notwithstanding this, the
best Þt parameters from Crystal Ball in Eq. (41) are ruled out
by the KLOE data (cf. Fig.4), whose measured BR contin-
ues the decreasing trend seen over the decades associated to
more precise measurements becoming available (see [6]) and,
in turn, supports the theoretical treatment without aB boson,
as our VMD and L%M approach in Ref. [7] is now capable
of successfully predicting the experimental data for the three
" (!) " #0$$and" ! " "$$ decays simultaneously. Clearly,
the experimental situation is not yet conclusive and it will not
be possible to make any categorical statements about the need
for a B boson to describe experiment until the arrival of new
and more precise data,e.g. from the KLOE(-II) and JEF [37]
experiments.

Next, we move on to the" ! decays, which may be used to
explore largerB-boson masses. We perform Þts to the" ! "
#0$$decay using the 13 points from them2

$$ invariant mass
distribution measured by the BESIII collaboration [43]. For
the" ! " "$$ process, no distribution data is available so the
constraints from this channel come from the branching ratio
only (see Fig.5). The Þt to the" ! " #0$$spectrum yields
two similar minima

! B = 0.005(1) , mB = 759(1) MeV, (43)

and

! B = 0.018(5) , mB = 156+ 5
# 1 MeV, (44)

9 Note, though, that the experimental central values lie further from our the-
oretical predictions asm2

$$ decreases and this effect might be connected to
the larger errors associated to the measurements at lowm2

$$.

χ2
min /dof = 11.7/11 = 1.1 χ2

min /dof = 12.5/11 = 1.1

η′￼ → π0γγ
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FIG. 9. KLOE measurements (green triangles in left plot) [52] of the m2
!! invariant mass distribution for the" ! #0!! decay and BESIII

measurements (blue squares in right plot) [43] for the " " ! #0!! decay with our SM (VMD and L$ M) predictions (solid black lines) [7] and
our SM withB boson predictions using the Þtted parameters from Eqs. (45) and (46) (dotted grey and dotted red lines, respectively).

available phase space allows both the% andB boson to res-
onate, and has no effect on the distribution beyond this point,
i.e. m2

!! ! 0.30 GeV2.
To conclude, it is worth highlighting that both our SM and

SM with B boson predictions, with the latter using the Þtted
parameters from Eq. (46), agree well with the experimental
distribution points. The largest differences still show compat-
ibility at roughly the 1$ level. We, therefore, conclude that the
experimental data from KLOE and BESIII for the" ! #0!!
and" " ! #0!! decays do not require aB-boson contribution,
even if the coupling&B is non-zero by about 2.5 standard de-
viations (cf. Eq. (46)).

IV. CONCLUSIONS

We have analysed in detail the sensitivity of the rare decays
" (") ! #0!! and" " ! "!! to a leptophobicU(1)B B boson
in the mass range MeVÐGeV. Adding the explicitB-boson ex-
change contribution in thet andu channels, in addition to our
Standard Model, VMD and L$ M amplitudes, has allowed us
to place stringent limits on theB-boson parametersmB and
&B by comparing with current experimental data. A visual
summary of these limits is shown in Fig.10. From the indi-
vidual analysis of the" ! #0!! decay, we have strengthened
by one order of magnitude the current constraints in the res-
onant mass regionm#0 " mB " m" , reaching&B # 10$ 6, as
it can be seen in the Þgure. These constraints would make a
B-boson signature strongly suppressed, rendering the task of
experimentally identifying it as a peak aroundmB in them2

#0!
invariant mass distribution close to impossible

Our analysis of the most recent experimentalm2
!! invari-

ant mass distribution from the KLOE collaboration supports
the description of the processes studied in this work without
contribution from a potential new leptophobicB boson, as our
VMD and L$ M treatment is capable of simultaneously pre-
dicting the three" (") ! #0!! and" " ! "!! decays with re-

FIG. 10. Limits on the leptophobicB-boson massmB and coupling
&B from the BR measurements of the decays" ! #0!! (grey) by
KLOE [52], and" " ! #0!! (red) [43] and" " ! "!! (blue) [44] by
BESIII.

markable agreement with the experimental data. However, a
B boson with a massm" " mB and non-negligible coupling
&B may help explain the discrepancy between our SM predic-
tion and the experimental data from the A2 and Crystal Ball
collaborations (see Fig.7). The existing tension between the
measurements by different experimental groups does not al-
low us to make an absolute statement about the need for a
B boson, as the branching ratio observed by KLOE, whilst
in agreement with our SM predictions, is about a factor of
two smaller than those from the A2 and Crystal Ball collab-
orations. This highlights the need for new and more precise
data,e.g., from the KLOE(-II) and JEF experiments.

The" " decays," " ! #0!! and" " ! "!! , are not as pow-
erful as the" ! #0!! at constrainingB bosons belowm" but
allow exploring largerB-boson masses. As it can be observed
in Fig. 10, the region in the&BÐmB plane near the% pole
shows a sharp dip, which would make it very challenging to

η′￼→ π0γγη → π0γγ

Joint Fit
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FIG. 7. KLOE (green triangles) [52], A2 (blue circles) [53] and Crys-
tal Ball (red squares) [55] measurements of them2

!! invariant mass
distribution for the" ! #0!! decay, as well as our SM (VMD and
L$ M) prediction (solid black line) [7] and SM withB boson predic-
tions using the Þtted parameters from Eqs. (41) and (42).

with %2
min/ d.o.f = 11.73/ 11 = 1.07 and %2

min/ d.o.f =
12.52/ 11 = 1.14, respectively, where the errors correspond
to %2

min + 1. The distributions using the Þtted parameters
from Eqs. (43) and (44) are shown in Fig.8 (dotted grey
and dotted red lines, respectively), together with the experi-
mental data (blue squares) and the SM prediction [7] (solid
black line). It is interesting to notice the sudden drops in
the SM withB boson distributions atm2

!! " 0.33 GeV2 (dot-
ted grey line) and atm2

!! " 0.23 GeV2 (dotted red line).
These sudden drops can be understood as follows: so long
astmin(s) # m2

B # tmax(s) $ s%[smin,smax], then the available
phase space allows theB boson to resonate; however, for val-
ues ofssuch thatm2

B # tmin(s) or tmax(s) # m2
B, then theB bo-

son no longer resonates and its contribution to the amplitude
suddenly plummets producing these sudden drops depicted in
Fig. 8. It must be noted that this effect also applies to the&
meson and is responsible for the sudden drop in the SM distri-
bution aroundm2

!! " 0.30 GeV2. Given that this is a kinematic
effect, it will always be present in the spectrum so long as
tmin(smin) # m2

B # tmax(smin), although it becomes a relatively
small effect and is difÞcult to detect beyondm2

!! ! 0.4 GeV2

for this particular decay. What is interesting about this is that,
even though the%2 of the Þts in Eqs. (43) and (44) is very
good, the associated integrated branching ratios deviate from
the experimental counterparts due to the effect of the wiggles
on the distributions. In addition, as it can clearly be seen, the
Þt parameters from Eq. (43) (grey line in Fig.8) would lead to
larger than observed bin values for the experimental points 10
and 11. All this might be pointing towards the possibility that
the existence of theB boson is not consistent with experimen-
tal data for this process. Once again, the different individual
contributions to them2

!! invariant mass distribution are pre-
sented in AppendixB 2.

Finally, a joint Þt to the experimental invariant mass dis-
tributions from KLOE and BESIII for the" ! #0!! and
" &! #0!! decays, respectively, is carried out. The joint Þt

FIG. 8. BESIII (blue squares) [43] measurements of them2
!! invariant

mass distribution for the" &! #0!! decay, as well as our SM (VMD
and L$ M) prediction (solid black line) [7] and our SM withB boson
predictions using the Þtted parameters from Eqs. (43) and (44).

gives two relatively similar minima

' B = 0.005(1) , mB = 759(1) MeV, (45)

and

' B = 5(2) ' 10( 4 , mB = 780+ 3
( 4 MeV, (46)

with %2
min/ d.o.f = 19.61/ 18 = 1.09 and %2

min/ d.o.f =
23.71/ 18 = 1.32, respectively, where the errors correspond,
once again, to%2

min + 1. The distributions using the Þtted pa-
rameters from Eqs. (45) and (46) are shown in Fig.9 (dot-
ted grey and dotted red lines, respectively), together with
the experimental data from KLOE (green triangles) for the
" ! #0!! decay and BESIII (blue squares) for the" &! #0!! ,
as well as the SM prediction [7] (solid black line). The joint Þt
minimum found in Eq. (45) is the same as the one in Eq. (43)
from the Þt to the BESIII data only, whilst the joint Þt mini-
mum in Eq. (46) is neither a global minimum for the KLOE
nor the BESIII individual Þts, thus a best compromise be-
tween the two sets of data. Note that the individual BESIII
minimum in Eq. (44) is completely wiped out by the effect
described in the paragraph above Eq. (37), once the KLOE
data is added to the Þt, and the individual KLOE minimum in
Eq. (42) is no longer a global minimum, just a local one, once
the BESIII data is taken into account in the joint Þt.

It is interesting to note that, for the" ! #0!! decay, both
sets ofB-boson parameters from the joint Þt, Eqs. (45) and
(46), lead to noB-boson contribution to the associated spec-
trum. In addition, for the" &! #0!! process, the Þtted param-
eters from Eq. (45) (dotted grey line in Fig.9) would result in
larger than observed bin values for the experimental points 10
and 11, so this solution may be ruled out. Furthermore, the
Þtted parameters from Eq. (46) give rise to aB-boson width
of ! B " 5.1 MeV. So, for this particular solution, bothmB and
! B are effectively the same as those from the& vector meson.
Accordingly, the end effect is to enhance the distribution with
respect to the SM prediction form2

!! " 0.30 GeV2, where the
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contributions to them2
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" &! #0!! decays, respectively, is carried out. The joint Þt

FIG. 8. BESIII (blue squares) [43] measurements of them2
!! invariant

mass distribution for the" &! #0!! decay, as well as our SM (VMD
and L$ M) prediction (solid black line) [7] and our SM withB boson
predictions using the Þtted parameters from Eqs. (43) and (44).

gives two relatively similar minima

' B = 0.005(1) , mB = 759(1) MeV, (45)

and

' B = 5(2) ' 10( 4 , mB = 780+ 3
( 4 MeV, (46)

with %2
min/ d.o.f = 19.61/ 18 = 1.09 and %2

min/ d.o.f =
23.71/ 18 = 1.32, respectively, where the errors correspond,
once again, to%2

min + 1. The distributions using the Þtted pa-
rameters from Eqs. (45) and (46) are shown in Fig.9 (dot-
ted grey and dotted red lines, respectively), together with
the experimental data from KLOE (green triangles) for the
" ! #0!! decay and BESIII (blue squares) for the" &! #0!! ,
as well as the SM prediction [7] (solid black line). The joint Þt
minimum found in Eq. (45) is the same as the one in Eq. (43)
from the Þt to the BESIII data only, whilst the joint Þt mini-
mum in Eq. (46) is neither a global minimum for the KLOE
nor the BESIII individual Þts, thus a best compromise be-
tween the two sets of data. Note that the individual BESIII
minimum in Eq. (44) is completely wiped out by the effect
described in the paragraph above Eq. (37), once the KLOE
data is added to the Þt, and the individual KLOE minimum in
Eq. (42) is no longer a global minimum, just a local one, once
the BESIII data is taken into account in the joint Þt.

It is interesting to note that, for the" ! #0!! decay, both
sets ofB-boson parameters from the joint Þt, Eqs. (45) and
(46), lead to noB-boson contribution to the associated spec-
trum. In addition, for the" &! #0!! process, the Þtted param-
eters from Eq. (45) (dotted grey line in Fig.9) would result in
larger than observed bin values for the experimental points 10
and 11, so this solution may be ruled out. Furthermore, the
Þtted parameters from Eq. (46) give rise to aB-boson width
of ! B " 5.1 MeV. So, for this particular solution, bothmB and
! B are effectively the same as those from the& vector meson.
Accordingly, the end effect is to enhance the distribution with
respect to the SM prediction form2

!! " 0.30 GeV2, where the

χ2
min /dof = 19.6/18 = 1.1 χ2

min /dof = 23.7/18 = 1.3

BESIII data dominates the fit



Conclusions

• The sensitivity of the rare decays η, η′￼ → π0γγ and
η′￼ → ηγγ to a leptophobic U(1) B boson in the
mass range MeV-GeV has been analysed in detail 

• Stringent limits on the B boson parameters mB and $B  
have been found

• The current constraints have been strengthened by 
one order of magnitude from

• These constraints would make a B-boson signature 
strongly suppressed

η → π0γγ
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FIG. 9. KLOE measurements (green triangles in left plot) [52] of the m2
!! invariant mass distribution for the" ! #0!! decay and BESIII

measurements (blue squares in right plot) [43] for the " " ! #0!! decay with our SM (VMD and L$ M) predictions (solid black lines) [7] and
our SM withB boson predictions using the Þtted parameters from Eqs. (45) and (46) (dotted grey and dotted red lines, respectively).

available phase space allows both the% andB boson to res-
onate, and has no effect on the distribution beyond this point,
i.e. m2

!! ! 0.30 GeV2.
To conclude, it is worth highlighting that both our SM and

SM with B boson predictions, with the latter using the Þtted
parameters from Eq. (46), agree well with the experimental
distribution points. The largest differences still show compat-
ibility at roughly the 1$ level. We, therefore, conclude that the
experimental data from KLOE and BESIII for the" ! #0!!
and" " ! #0!! decays do not require aB-boson contribution,
even if the coupling&B is non-zero by about 2.5 standard de-
viations (cf. Eq. (46)).

IV. CONCLUSIONS

We have analysed in detail the sensitivity of the rare decays
" (") ! #0!! and" " ! "!! to a leptophobicU(1)B B boson
in the mass range MeVÐGeV. Adding the explicitB-boson ex-
change contribution in thet andu channels, in addition to our
Standard Model, VMD and L$ M amplitudes, has allowed us
to place stringent limits on theB-boson parametersmB and
&B by comparing with current experimental data. A visual
summary of these limits is shown in Fig.10. From the indi-
vidual analysis of the" ! #0!! decay, we have strengthened
by one order of magnitude the current constraints in the res-
onant mass regionm#0 " mB " m" , reaching&B # 10$ 6, as
it can be seen in the Þgure. These constraints would make a
B-boson signature strongly suppressed, rendering the task of
experimentally identifying it as a peak aroundmB in them2

#0!
invariant mass distribution close to impossible

Our analysis of the most recent experimentalm2
!! invari-

ant mass distribution from the KLOE collaboration supports
the description of the processes studied in this work without
contribution from a potential new leptophobicB boson, as our
VMD and L$ M treatment is capable of simultaneously pre-
dicting the three" (") ! #0!! and" " ! "!! decays with re-

������ ������ ������ ������ ������ ������

���� ! ��

���� ! ��

���� ! ��

����������

����������

����������

��

FIG. 10. Limits on the leptophobicB-boson massmB and coupling
&B from the BR measurements of the decays" ! #0!! (grey) by
KLOE [52], and" " ! #0!! (red) [43] and" " ! "!! (blue) [44] by
BESIII.

markable agreement with the experimental data. However, a
B boson with a massm" " mB and non-negligible coupling
&B may help explain the discrepancy between our SM predic-
tion and the experimental data from the A2 and Crystal Ball
collaborations (see Fig.7). The existing tension between the
measurements by different experimental groups does not al-
low us to make an absolute statement about the need for a
B boson, as the branching ratio observed by KLOE, whilst
in agreement with our SM predictions, is about a factor of
two smaller than those from the A2 and Crystal Ball collab-
orations. This highlights the need for new and more precise
data,e.g., from the KLOE(-II) and JEF experiments.

The" " decays," " ! #0!! and" " ! "!! , are not as pow-
erful as the" ! #0!! at constrainingB bosons belowm" but
allow exploring largerB-boson masses. As it can be observed
in Fig. 10, the region in the&BÐmB plane near the% pole
shows a sharp dip, which would make it very challenging to



manifests at them2
!! ! 0.078 GeV peak and is associated to

the " " " ! threshold. This peak is absent should the Breit-
Wigner propagator for the# exchange have been used.

Our inability to describe the total decay widths for the
three$#0$ ! " 0!! and $0 ! $!! decay processes simulta-
neously within the same theoretical framework and values
for the VMD couplings is somewhat bothersome. The
offset that appears to be affecting the diphoton energy
spectrum of the first process,$ ! " 0!! [cf. Fig. 1(a)], and
consequently its integrated decay width might be linked to
a normalization problem associated to the parameterg in
Eqs. (11) and (24). One could argue, though, that this
parameter is fixed by theVP! experimental data, which is
measured nowadays to a high degree of accuracy and leads
to satisfactory predictions for the other two processes, i.e.,
$0 ! " 0!! and $0 ! $!! , and, therefore, should not be
changed. Despite this, an attempt has been made to assess
thepreferredvalue for the parameterg by the experimental
data available from Ref.[23] (A2), Ref.[19] (Crystal Ball),
and Ref.[10] (BESIII) for the two$#0$ ! " 0!! processes
by performing a combined fit whereg is left as a free
parameter. The resultingg turns out to be roughly con-
sistent with the one provided in Eq.(24)and used in all our
calculations, which is explained by the fact that the data
from BESIII contain significantly smaller uncertainties and,
therefore, its statistical weight in the fit is greater. Hence,
we are led to consider whether this puzzle might be
somehow highlighting the need for a more sophisticated
theoretical treatment; however, given the complexity asso-
ciated to performing these experimental measurements and
the recent history of the$ ! " 0!! empirical data,10 one
cannot rule out the possibility that this decreasing trend

seen over time in the measured values of the BR might
persist should new and more precise measurements were
available and eventually converge with our theoretical
prediction, especially in light of our successful description
of the data from BESIII for the other two sister processes.

VI. CONCLUSIONS

In this work, we have presented a thorough theoretical
analysis of the doubly radiative decays$#0$ ! " 0!! and
$ ! $!! , and provided theoretical results for their associ-
ated decay widths and diphoton energy spectra in terms of
intermediate scalar and vector meson exchange contribu-
tions using the L#M and VMD frameworks, respectively.

A complete set of theoretical expressions for the tran-
sition amplitudes from chiral perturbation theory, vector
meson dominance, and the linear sigma model have
been given for the three decay processes. Some of these
expressions constitute, to the best of our knowledge, the
first predictions of this kind. In addition, we have provided
quantitative results by making use of numerical input from
the PDG[14]. In particular, for the estimation of the VMD
coupling constants,gVP! , two different paths have been
followed whereby they have been either extracted directly
from the experimentalV#P$! P#V$! decay widths or
from a phenomenological quark-based model and a fit to
experimental data. A summary of the predicted decay
widths, theoretical branching ratios, and contributions to
the total signals for the three doubly radiative decays
$ ! " 0!! and $0 ! " 0#$$!! is shown in TableII, and a
discussion of the results obtained and how they compare to
available experimental data has been carried out. As well as
this, the invariant mass spectra associated to these processes
are shown in Figs.2Ð4, respectively, using the model-based
VMD couplings. It is worth highlighting that, while vector
meson exchanges vastly dominate over the scalar contri-
butions for the$#0$ ! " 0!! decays, we find that, for the
$0 ! $!! , the scalar meson effects turn out to be substantial,
specially that of the# meson, and this represents an
opportunity for learning details about this still poorly
understood scalar state. In particular, we look forward to
the release of the energy spectrum data for the$0 ! $!!
process by the BESIII Collaboration to assess the robust-
ness of our theoretical approach.

Interestingly, our predictions for the$ ! " 0!! are found
to be approximately a factor of 2 smaller than the experi-
mental measurements, whereas our theoretical predictions
for the$0 ! " 0!! and$0 ! $!! are in good agreement with
recent measurements performed by BESIII. It appears that
it is not possible to reconcile our predictions for the three
processes with their corresponding experimental counter-
parts simultaneously using the same underlying theoretical
framework and values for the coupling constants. This
puzzle might be pointing toward potential limitations of our
theoretical treatment or, perhaps, the need for more precise

FIG. 4. Contributions to the$0 ! $!! diphoton energy spec-
trum (solid black), using the model-based VMD couplings, from
intermediate vector (dashed red) and scalar (dotted blue) meson
exchanges, and their interference (dot-dashed green).

10For instance, in 1984 Aldeet al. found BR! 7.2#1.4$!
10! 4 [17], while more recent measurements appear to indicate
BR! 2.52#23$! 10! 4 [23] and BR! 2.21#24$#47$! 10! 4 [19].

THEORETICAL ANALYSIS OF THE DOUBLY RADIATIVEÉ PHYS. REV. D102, 034026 (2020)

034026-9

Backup slides



Backup slides
14

!!
!!!!
����
!"!!"!

!!!!
����
!"!!"!

�������� �������� �������� ��������

��

��

��

��

��

��

��

!!
!!!!
����
!"!!"!

!!!!
����
!"!!"!

�������� �������� �������� ��������

��

��

��

��

��

��

��

!!
!!!!
����
!"!!"!

!!!!
����
!"!!"!

�������� �������� �������� �������� �������� �������� ��������
! ������

������

������

������

������

������

������

������ !!
!!!!
����
!"!!"!

!!!!
����
!"!!"!

�������� �������� �������� �������� �������� �������� ��������
! ������

������

������

������

������

������

������

������

FIG. 11. Contributions to them2
!! (Þrst row) andm2

" 0! (second row) invariant mass distributions for the# ! " 0!! decay using the parameters
from the Þts to the KLOE (Þrst column) and Crystal Ball (second column) experimental data in Eqs. (42) and (41), respectively.
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