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I. INTRODUCTION

Low energy Quantum Chromodynamics (QCD) is responsible for the binding of hadrons and for the mass of the
visible universe. A unique way to explore low energy QCD is by measuring the decays of light mesons, specifically the
π0, η and η� pseudoscalar mesons and light vector mesons ρ,ω,φ. In particular, the η and η� mesons present important
information on the low energy dynamics of QCD: the mechanism of spontaneous chiral symmetry breaking and the
UA(1) anomaly. The importance of this topic is shown by the number of experiments performed at an impressive array
of facilities including KLOE, CLEO, BES, MAMI, Bonn, COSY, BABAR, BELLE, and CERN. We have recently
shown that CLAS photoproduction data has superior statistics in many channels, exceeding that of published results
by a factor of up to ten.

Close to the zero-energy limit of the spontaneous breaking of chiral symmetry, chiral perturbation theory (ChPT)
and, more generally, effective field theories, incorporate the symmetries of QCD while avoiding the tremendous
calculational difficulties of the full theory in the non-perturbative regime. Comparisons of ChPT predictions with
high statistics data on the branching ratios and decay distributions of light mesons will provide insight into the
non-perturbative regime of strong interactions and provide important information for a firmer foundation of hadronic
physics rooted in the standard model.

II. PSEUDOSCALAR MESONS

Below we outline a physics program to explore light meson decays measured in the CLAS g11 and g12 hydrogen
photoproduction experiments. Preliminary analyses of these data show that CLAS data can have a major impact on
studies of light meson decays measured in other facilities and is independent of the production vertex. Experimental
data are presented with emphasis on the photoproduction reactions

γ + p → p+






π0

η
η�

(1)

collected in the following decay modes:

• Dalitz decays: π0, η, or η� → e+e−γ

• Radiative decays: η or η� → π+π−γ

• Hadronic decays: η or η� → π+π−π0 and η� → π+π−η

In order to fully exploit this rich vein of data and to cast more light on low energy QCD, dedicated efforts and
sufficient manpower is needed to complete the analyses and publish these results.

1. Dalitz decays

The branching ratios for radiative decay of pseudoscalar mesons π0 and η have been measured and are recorded by
the PDG [1], however there is only an upper limit quoted for η� → e+e−γ.

In this proposal we briefly present our preliminary distribution of the e+e−γ invariant mass from CLAS photo-
production data. This is a H(γ, pe+e−γ)X four-fold coincidence event sample with an upper bound on the missing
energy.

Peaks of π0, η and η� are shown separately, with fitted positions corresponding to their PDG values. In addition,
there is a clear signal in the ρ-ω region, and a small peak at the φ-mass. With a branching ratio of (1.174± 0.035)%
, the three body decay π0 → e+e−γ is the second most important decay channel of the neutral pion and is deeply
connected to the main decay mode π0 → γγ (Br = 98.823± 0.034%) with anomalous π0 − γ − γ vertex. Significant
interest to the Dalitz decay of π0 lies in the fact that it provides information on the semi off-shell π0−γ−γ∗ transition
form factor Fπ0γγ∗(q2) in the time-like region, and more specifically on its slope parameter aπ. The determinations
of aπ obtained from the differential decay rate of Dalitz decay

aπ = −0.11± 0.03± 0.08 [2]

aπ = +0.026± 0.024± 0.0048 [3]

aπ = +0.025± 0.014± 0.026 [4]
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Here aπ is defined from the following expression for the decay rate [5]

dΓ(π0 → e+e−γ)

dxΓ(π0 → γγ)
= (

dΓ

dx
)QED × |F (x)|2

(
dΓ

dx
)QED =

2α

3π

1

x
(1− x)3(1 +

r

2x
)(1− r

x
)1/2

F (x) = 1 + aπx

where x = m2
e+e−/m

2
π0 , r = 4m2

e/m
2
π0 , and F (x) is π0 transition form factor.

These measurements have large error bars, as compared to the values extracted from the extrapolation of data at
higher energies in the space-like region, Q2 = −q2 > 0.5GeV 2, obtained by CELL0 and CLEO collaborations,

aπ = +0.0326± 0.0026± 0.0026 [6]

aπ = +0.0303± 0.0008± 0.0009± 0.0012 [7]

Experimental data from CELLO [6] , CLEO [7] and BABAR [8] experiments are presented in Fig. 1. Extraction
of aπ from these data is model dependent and a direct and accurate determination of aπ from the decay π0 → e+e−γ
would offer very important source of information to understand transition form factor of neutral pion. Another
reason for the importance of this information is related to the precise determination of the most uncertain light-by-
light radiative corrections to the anomalous magnetic moment of the muon, aµ, measured in g-2 experiment [9].3

pendix A. The vector meson propagators DV are

DV (Q
2) = [Q2 −M2

V + i
�
Q2Γtot,V (Q

2)]−1. (5)

In this paper we consider only the data in the space-like
region of photon virtuality, thus the modeling of the vec-
tor resonance energy dependent widths Γtot,V (Q2) is not
relevant as the widths are equal to zero. We take the val-
ues of the masses of all particles according to PDG [42].
We require that the form factors Fγ∗γ∗P(t1, t2) given

in (2), (3) and (4) vanish when the photon virtuality t1
goes to infinity for any value of t2:

lim
t1→−∞

Fγ∗γ∗P(t1, t2)
���
t2=const

= 0. (6)

Notice, that in this case the conditions

lim
t→−∞

Fγ∗γ∗P (t, t) = 0, (7)

lim
t→−∞

Fγ∗γ∗P(t, 0) = 0 (8)

are automatically satisfied, which is considered as a cor-
rect short-distance behavior of the form factors (see, for
example, discussion in [24]). The constraint (6) leads to
the following relations for the couplings:

√
2hVifVi − σVif

2
Vi

= 0, i = 1, . . . , n , (9)

− Nc

4π2
+ 8

√
2

n�

i=1

hVifVi = 0 . (10)

Therefore, for an ansatz with n vector resonance octets
the two-photon form factors Fγ∗γ∗P(t1, t2) are deter-
mined by 2n parameters (i.e., the products of the cou-
plings: fVihVi and σVif

2
Vi
, i = 1, . . . , n), from which n−1

are to be determined by experiment and the rest n+1 are
fixed by (9) and (10). For the one octet ansatz there are
no free parameters and in case of the two octets ansatz
there is one free parameter.
One of the main objectives of this paper was to de-

velop a reliable model for the γ∗γ∗P (P = π0, η, η�) tran-
sition form factors in the space-like region reflecting the
experimental data and theoretical constrains and in the
same time being as simple as possible. Even if we know
that the SU(3) flavor symmetry is broken we start our
investigations using an SU(3)-symmetric model (apart
from the masses of the mesons, which are fixed at their
PDG [42] values) and try to see how many resonance
octets we have to include in order to describe the data
well. The existing data for the transition form factors in
space-like region [1, 2, 45, 46] come from single-tag exper-
iments, where one of the invariants is very close to zero
(the one associated with the “untagged” lepton), thus we
have information only about Fγ∗γ∗P (t, 0). It is common
to define the γ∗γP form factor FP (Q2, 0) ≡ Fγ∗γ∗P(t, 0)
with Q2 ≡ −t (associated with the “tagged” lepton).
From Eqs. (2), (3) and (4) we see that FP(Q2, 0) is
driven by n parameters (i.e., the products of the cou-
plings: fVihVi , i = 1, . . . , n) and there is always only one
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FIG. 2: Transition form factor γ∗γπ0 compared to the data.
The Brodsky-Lepage [23] high-Q2 limit (BL) is shown as a
bold solid straight line at 2× fπ = 2×0.0924 GeV. The high-
Q2 limit in our 1 octet ansatz and and 2 octets ansatz are
marked as (1) and (2), correspondingly.

constraint (10) for any n. Therefore, the number of pa-
rameters in FP(Q2, 0) to be determined by experiment
(“free parameters”) equals to n− 1 (similarly to the case
of the Fγ∗γ∗P(t1, t2)). In case of the one octet ansatz
there are no free parameters and in the two octets case
there is one free parameter.

B. The one octet ansatz for the form factors

Let us consider first the one octet ansatz. In this case

fV1hV1 =
3

32π2
√
2
, (11)

and the model gives a prediction for the form factors
FP(Q2, 0) without any possibility for adjustment. The
predictions of this model are compared with experimen-
tal data in Figs. 2-4 (dotted line). To quantify the qual-
ity of the agreement of the model predictions we have
calculated the χ2 values for each data set. For the pion
transition form factor the model agrees with CELLO [45]
and CLEO [46] and disagrees with the BaBar data [1], as
can be seen from Table I, which shows the χ2 values per
experiment. For the η and η� transition form factor the
model is in a perfect agreement with CELLO, however
for CLEO and BaBar the χ2 is not good. In total, for the
one octet ansatz we obtain χ2 ≈ 358 for 116 experimental
points.
Even though the overall agreement of this simple model

with the data is not bad, there is a way to improve it, as
will be discussed below.

FIG. 1: Experimental data on F (Q2, 0) from the reaction e+e− → π0 obtained by CELLO, CLEO and BABAR experiments

with one of recent theoretical prediction from [10].

In Fig. 2 we present invariant mass M(e+e−γ) from the reaction γp → pe+e−γ on hydrogen target obtained from
data collected by the g12 experiment. One can see clear peaks of π0, η, η�, but also peaks of ω and φ vector mesons
from the decay e+e−π0, when one of photons from π0 decay was missing. This spectrum is obtained by cutting on
the missing mass and missing energy of all detected particles restricting possibility of π0 production, however due to
the detector resolution it can not be completely suppressed. In Fig. 3 we show each of π0, η, η� peaks from Fig. 2
with a fit with Gaussian and second order polynomial function. As one can see we have very clean signal of π0 and η
mesons. The reconstructed for the first time η� peak in this decay mode will allow to measure relative branching ratio
of this mode to η� → ηπ+π−. Systematic error of such a measurement has to be evaluated in detail at more advanced
stage of the analysis, however there is no reason to expect this to be significantly different from the systematic errors
of a few per cent in the measurement of photoproduction cross section of η� measured by the CLAS collaboration.

New experiment is proposed in KLOE-2 [10] to measure Fπ0(Q2, 0) with statistical precision shown in Fig. 4 (left
panel). Statistically significant data are already collected with CLAS. The CLAS g12 raw data under the π0 peak
in e+e−γ decay mode are presented in Fig. 4 (right panel), which will allow to extract the slope of Q2 dependence,
aπ0 , in the time-like region at very low Q2 with statistical accuracy for the first time comparable or better than that
extracted from e+e− → π0 data at higher Q2 in space-like region.
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FIG. 2: The e+e−γ invariant mass distribution in the reaction γp → pe+e−γ.
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in Fig. 3. Thus, for the KLOE-2 case the possible effect
of the photon virtualities which can influence the accu-
racy of eq. (4) is negligible. Our simulation shows that
the uncertainty in the measurement of Γ (π0 → γγ) due
to the form factor parametrization in the generator is
expected to be less than 0.1 %.
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Fig. 3 Distribution of the photon virtuality in γ∗γ∗ → π0.
The lepton double tagging (HET-HET) selects the events (red
diamonds) with small virtuality of the photons.

4 Feasibility of the γ∗γπ0 transition form
factor measurement

By requiring one lepton inside the KLOE detector (20◦ <
θ < 160◦, corresponding to 0.01 < |q21 | < 0.1GeV2) and
the other lepton in the HET detector (corresponding to
|q22 | � 10−4GeV2 for most of the events) one can mea-
sure the differential cross section (dσ/dQ2)data, where
Q2 ≡ −q21 . Using eq. (5), the form factor |F (Q2)| can
be extracted from this cross section.

The simulation has been performed using a low-
est meson dominance ansatz with two vector multiplets
(LMD+V) for the form factor Fπ0γ∗γ∗ , which is avail-
able in EKHARA. The LMD+V ansatz is based on
large-NC QCD matched to short-distance constraints
from the operator-product expansion (OPE), see the
Ref. [39]. In the following we use the definition of the
LMD+V parameters h̄5 = h5 + h3m2

π and h̄7 = h7 +
h6m2

π + h4m4
π. Figure 4 shows the expected experi-

mental uncertainty (statistical) on F (Q2) achievable at
KLOE-2 with an integrated luminosity of 5 fb−1. In this
measurement the detection efficiency is different and is
estimated to be about 20%. From our simulation we
conclude that a statistical uncertainty of less than 6%
for every bin is feasible.

Having measured the form factor, one can evaluate
also the slope parameter a of the form factor at the

origin1

a ≡ m2
π

1

Fπ0γ∗γ∗(0, 0)

dFπ0γ∗γ∗(q2, 0)

d q2

����
q2=0

. (7)

Though for time-like photon virtualities (q2 > 0), the
slope can be measured directly in the rare decay π0 →
e+e−γ, the current experimental uncertainty is very
big [40,41]. The PDG average value of the slope pa-
rameter is quite precise, a = 0.032 ± 0.004 [8], and it
is dominated by the CELLO result [14]. In the latter,
a simple vector-meson dominance (VMD) form factor
parametrization was fitted to the data [14] and then
the slope was calculated according to eq. (7). Thus the
CELLO procedure for the slope calculation suffers from
model dependence not accounted for in the error esti-
mation. The validity of such a procedure has never been
verified, because there were no data at Q2 < 0.5 GeV2.
Therefore, filling of this gap in Q2 by the KLOE-2 ex-
periment can provide a valuable test of the form factor
parametrizations.

2 [GeV]2Q
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(Q
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0! " #*#

Fig. 4 Simulation of KLOE-2 measurement of F (Q2) (red
triangles) with statistical errors for 5 fb−1. Dashed line is
the F (Q2) form factor according to LMD+V model [39],
solid line is F (0) given by Wess-Zumino-Witten term, eq. (8).
CELLO [14] (black crosses) and CLEO [15] (blue stars) data
at high Q2 are also shown for illustration.

When the normalization of the form factor is fixed
to the decay width π0 → γγ or to some effective pion
decay constant Fπ, the VMD and (on-shell) LMD+V
models have only one free parameter2. For VMD this
parameter is the vector-meson mass MV (sometimes

1 We would like to stress that the q2 range of KLOE-2 mea-
surement is not small enough to use the linear approxima-
tion Fπ0γ∗γ∗(q2, 0) = Fπ0γ∗γ∗(0, 0)(1 + q2 a/m2

π) because
the higher order terms are not negligible.
2In the Brodsky-Lepage ansatz [42,43,44] the parameter Fπ

fixes the normalization and the asymptotic behavior at the
same time. Comparison with data from CELLO and CLEO
shows that the asymptotic behavior is off by about 20%, once
the normalization is fixed from π0 → γγ.

π
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FIG. 4: Left panel: experimental data from CELLO (black crosses) and CLEO (blue stars) at low Q2 together with KLOE-2

proposal (red triangles) to measure Fπ0(Q2, 0) at very low Q2 [10]. Dashed line is the F (Q2) form factor according to LMD+V

model [39], solid line is F (0) given by Wess-Zumino-Witten term. Right panel: raw data from CLAS g12 experiment within

2σ of the peak of π0 from Fig. 3 (left panel), plotted vs the ratio X =
m2

e+e−
m2

π
.

One of the important questions is identification of pseudoscalar mesons in Dalitz decay mode e+e−γ. As one can
see from Fig. 5, left panel, after restricting missing energy |ME − Eγ | <0.05GeV, where ME = Ebeam

γ +Mp − Ep −
Ee+ − Ee− − Eγ , we observe a single photon peak in M2

X(pe+e−γ). On the right panel of the same figure we plot
missing mass M2

X(pe+e−) here with an additional cut cut on |M2
X(pe+e−γ)| < 0.01GeV2. As one can see again we

have single photon peak only. Therefore the contribution from ω → e+e−π0 is excluded either in the invariant mass
M(e+e−γ) or missing mass MX(p). On the other hand as e+e− mass distribution spans from the threshold, the decay
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η� → ωγ (BR=2.75%) can not be of major concern and is irrelevant.
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FIG. 5: Left panel: missing mass squared M2
X(pe+e−γ) of all detected final state particles with the cut on missing energy

|ME − Eγ | <0.05GeV. Right panel: missing mass M2
X(pe+e−) with additional cut |M2

X(pe+e−γ)| < 0.01GeV 2.
6. Results

]2 [GeV/c-l+lM
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Fit to all points

Fig. 6.10: Experimental spectrum of the squared transition form factor,
|Fη|2, as a function of the Ml+l−. The green, solid line is the fit to all
experimental points. The black, solid line is the QED model assumption
of a point-like meson.

one of the CODATA compilation of physical constants, < r2P >1/2= (0.8768±
0.0069) fm [73]. The CODATA values of the radius of the proton are deter-
mined via the Lamb shift in electronic [73] hydrogen and via unpolarized [74]
and polarized [75] electron scattering. The discrepancy between the CODATA
and the value extracted using the Lamb shift method in muonic [72] hydro-
gen is under a world-wide discussion with a tendency to see the cause of the
problem in a not sufficiently exact QED calculations [76].

6.3 Charge Radius of the η Meson 79

) [GeV]-e+M(e
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 2 | η
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FIG. 6: Left panel: Experimental spectrum of the squared transition form factor, |Fη|2, as a function of M(l+l−). The green,

solid line is the fit to all experimental points. The black, solid line is the QED model assumption of a point-like meson. Right

panel: projected form factor with statistical errors obtained from CLAS g12 experiment within 2σ of the peak of η from Fig. 3

(middle panel), plotted vs M(e+e−).

In Fig. 6 left panel we present world data on η form factor, on the right panel we present projected form factor with
statistical errors obtained from CLAS g12 experiment within 2σ of the peak of η. This CLAS dataset for the η Dalitz
decay exceeds by several times the statistics of the recent MAMI CB/TAPS [11], and NA60 dimuon (η → µ+µ−γ)
[12] measurements. Both of these results observe a clear deviation of the form factor from the simple QED result
based on the η → γγ matrix element. The CLAS data can significantly improve the extraction of the form factor over
the full accessible range 0 < me+e− ≤ mη, including the region below twice the muon mass, which is inaccessible in
the NA60 experiment.
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2. Radiative decays

The two photon decays of pseudoscalar mesons π0, η, η� → γγ are understood as proceeding from the so-called
triangle or axial anomaly, Fig. 7 (left panel), while radiative decays of η(η�) → π+π−γ are related to the so-called
box anomaly, Fig. 7 (right panel).

Chapter 3

Anomalous decays

In the following Chapter we will discuss the decays of the neutral pseudoscalar mesons
P ∈ {π0, η, η�} that are induced by the chiral anomaly. We differentiate between the ones
which are governed by the triangle anomaly and the ones resulting from the box anomaly,
because the structure of the pertinent form factors will be quite similar in the respective
cases.

P

γ(�)

γ(�)

Figure 3.1: triangle anomaly

P

π+

π−

γ(∗)

Figure 3.2: box anomaly

The leading decays induced by the triangle anomaly are discussed next. We add here
the qualifier ’leading’ in order to discriminate these decays from those which involve sub-
leading sequential decays as, e.g., Bremsstrahlung corrections etc. The discussed decays are

P → γγ,

P → l+l−γ,

P → l+l−l+l−,

P → l+l−,

where l+l− are lepton-antilepton pairs. Obviously only electrons and muons are involved,

19

FIG. 7: Left panel: triangle anomaly. Right panel: box anomaly.

The box anomaly determines the η(η�) → π+π−γ widths in the chiral limit, as it is described in Ref. [13] with a
comprehensive theoretical analysis of the photon energy distribution of the radiative decay of the η and η� mesons.
These decays provide an important test of the box anomaly, which also describes the γπ+π−π0 (VAAA) vertex in the
chiral limit, with the effects of η0 and η8 mixing.

As in case of Dalitz decay the decay of pseudoscalar meson to π+π−γ requires identification of final state and
separation of single photon from π0. In Fig. 8 we first present missing mass of all detected particles with a cut on
missing energy |ME − Eγ | < 0.05GeV. This plot shows a peak around zero, but it doesn’t yet secure rejection of π0

in the event, as it could have been one low energy photon from the decay missing and it will mimic single photon
production. To make sure if there is a π0 except of p,π+π− in the final state in Fig. 9 upper row we plot missing
mass M(pπ+π−)2 with additional cut M(pπ+π−γ)2 <0.01 GeV2 for different ranges of missing mass MX(p) in the
range of η, ρ/ω, η�. As one can see we have very clear peaks of single γ and π0, the latter being more significant in the
region of ω because of very strong ω → π+π−π0 decay. In the lower panel of the same figure we plot invariant mass
M(π+π−γ (red histogram) and missing mass MX(p) (black histogram). As one can see all particles are reconstructed
in both cases, however missing mass has better resolution.
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FIG. 8: Missing mass MX(pπ+π−γ) of all detected final state particles.

In Fig. 10 the cm photon energy distribution, Ecm
γ is presented for η (left panet) and η� (right panel). Experimental

data are from the following experiments [14–16]). Error weighted fits are performed in [13]. The decay rate of
η(η�) → π+π−γ in [13] is presented as

dΓ

dsππ
= |AP (sππ)FV (sππ)|2Γ0(sππ), (2)

where A is a normalization parameter and Γ0(sππ) collects phase-space terms and the kinematics of the absolute
square of the simplest gauge invariant matrix element (for point-like particles). Here sππ = m2 − 2Eγm is squared
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FIG. 9: Upper row is a distribution of events vs missing mass squared M2
X(pπ+π−) for the range: a) MX(p) = 0.55±0.02 GeV;

b) MX(p) = 0.76 ± 0.06 GeV; c) MX(p) = 0.96 ± 0.02 GeV. Lower row is a distribution of invariant mass M(π+π−γ) (red

histogram) and missing mass MX(p) with the cuts: M2
X(pπ+π−γ) < 0.01GeV2 M2

X(pπ+π−) < 0.005GeV2.

invariant mass of two-pions system, m is the mass of parent particle and Eγ is the photon energy in the rest frame of
η(η�). The pion form factor FV (sππ) is well known from direct measurements of e+e− → π+π−. On the other hand,
the function P (sππ) is reaction specific and is expected to be perturbative in the sense of Chiral Perturbation Theory.
This function can be expanded as

P (sππ) = 1 + αsππ +O(s2ππ) (3)

The following slope parameter values for η and η� are extracted from the fits in Fig. 10

α = (2.01± 0.26)GeV −2; α� = (2.28± 0.56)GeV −2. (4)

These can then be interpreted via a matching to oneloop U(3) extended ChPT as well as a comparison to earlier
studies.

Existing CLAS data can significantly improve statistical precision of these parameters. In Fig. 11 (upper panel)
the missing mass of the proton from the CLAS g11 dataset is presented for the exclusive reaction γ + p → pπ+π−γ.
In both the η and η� peaks, the statistics is more than an order of magnitude higher than existing world data. The
g12 experiment provides additionally three times more statistics in this channel. In Fig. 11 lower panels, the photon
energy distributions from the π+π−γ decays of η and η�, respectively, are presented in the center-of-mass frame of
the parent. This analysis of high statistics CLAS data will decrease statistical uncertainty of slope parameters α(α�)
to the per cent level providing an unprecedented test of ChPT, including the effects of mixing of the SU(3) singlet
and octet η states.

In the spectrum of Fig. 11 (upper panel) we might possibly see a hint of ρ-ω interference. Although the ρ → π+π−γ
branching ratio is known to 15% precision, only an upper bound for the ω is quoted in the PDG [1]. This channel may
also yield new results, in particular a measurement of ω → π+π−γ branching ratio. Similar studies are performed
with ρ,ω → e+e− decay in CLAS (M.H. Wood et al., ”Absorption of ω and φ Mesons in Nuclei”. The paper CLAS
collaboration review is in progress), where clear overlap of ρ and ω mesons in this decay mode is observed.
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Fig. 2. Experimental data and error weighted fits for η (left, data are from Ref. [17]
(filled squares) and Ref. [18] (open circles)) and η� (right, data are from Ref. [20])
to π+π−γ according to Eqs. (1) and (2) with sππ = mη(�)(mη(�) − 2Eγ).

uncertainty of the α� value should include both statistical and systematic un-
certainties.

We also studied other data sets for η and η�. Concerning the former decay,
Gormley et al. [18] provides α = (1.7±0.4) GeV−2 while Layter et al. [19] gives
α = (−1.0± 0.1) GeV−2. The acceptance correction of these old experiments
was derived from the specified dΓ/dEγ distributions, respectively, under the
assumption that the pertinent matrix element is the simplest gauge invariant
one (corresponding here to P (sππ) and FV (sππ) equal to one). The Layter
et al. result seems to be inconsistent both with WASA [17] and Gormley et
al. [18]. However, from the information provided in those old experimental
papers it is impossible to evaluate systematic uncertainties. In case of the η�,
we obtain α� = (3± 1) GeV−2 from the data of the GAMS-200 collaboration
[21], which is larger, but within error bars consistent with the value listed
above. Hence, in the following, we use the values given in Eq. (8).

Instead of looking at the data themselves it is illustrative to extract from data
directly the polynomials P (sππ). These are shown for both radiative η and η�

decay in the left and right panel of Fig. 3, respectively. Here one clearly sees
that the residual sππ dependence for both transition amplitudes — once the
pion form factor and the phase space are divided out — has a linear behavior to
a very good approximation. The statement is further corroborated by the fact
that any additional quadratic term to the linear polynomial with coefficients
as specified in Eq. (8) is compatible with zero: β = (0.07 ± 0.65) GeV−4 and
β � = (0.10 ± 0.38) GeV−4. This appears reassuring, although it came as a
surprise that even for the η� a first-order polynomial is sufficient. The origin
of this might be in the current quality of the data which is best in the region
of large values of Eγ which corresponds to moderate values of sππ — this is
the region where the chiral expansion is expected to converge (once resonance
effects are taken out). This can also be seen in Fig. 3, right panel: clearly
the fit is dominated by values of sππ ≤ 0.6GeV2 (this corresponds to pion

6

FIG. 10: Left panel: distribution of Eγ in cm frame of eta. Right panel: same for η�. Experimental data are from [14–16].

Error weighted fits are performed in [13].
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FIG. 11: Upper panel: distribution of the missing mass of the proton (mass of π+π−γ system) in the exclusive reaction

γ + p → pπ+π−γ. Lower left panel: the γ energy distribution in the η cm frame. Right panel: same as left panel plotted

for the η� decay. All three plots show raw number of events from CLAS g11 experiment before the acceptance and efficiency

corrections.

3. Hadronic decays

In this section we present experimental data for the reaction

γ + p → pπ+π−
�

π0

η
. (5)

The π0 or η is identified via missing mass of the H(γ, pπ+π−)X reaction.
To get an idea about how missing mass of all detected particles look like in Fig. 12 we plot MX(pπ+π−) for different

ranges of missing mass of proton MX(p) = η,ω, η� in a ±0.02 GeV window of corresponding peaks.
In Fig. 13 (left panel) a distribution of missing mass of the proton in the γ + p → pπ+π−π0 reaction is presented

showing clear peaks for the η and ω mesons with ∼2M and ∼20M events in the peaks, respectively
There are also hints of η� and φ mesons. To see the η� and φ signals, in Fig. 13 (right panel) we plot a zoom of

the same distribution in the mass range above the ω meson. We clearly observe one of the rare decays η� → π+π−π0

(Br = 3.6± 0.1× 10−3) and the OZI violating decay φ → π+π−π0 (Br=15.3%). This is the first observation of these
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FIG. 12: Missing mass MX(pπ+π−): a) for |MX(p) − 0.55| <0.02 GeV; b) |MX(p) − 0.78| <0.02 GeV; and c) |MX(p) −
0.96| <0.02 GeV.

decays in photoproduction. According to Gross, Treiman, and Wilczek [17], the decay width ratio:

Γ(η� → π0π+π−)

Γ(η� → ηπ+π−)
∝

�
md −mu

ms

�2
(6)

is sensitive to the quark mass difference md−mu, where md. mu, and ms are masses of u, d and s quarks respectively.

FIG. 13: Left panel: distribution of missing mass of the proton in the reaction γ + p → pπ+π−π0. Right panel: the same for

the range of invariant mass above ω meson production. Experimental data are from CLAS g11 experiment.

Our Dalitz plot distribution for the decay η → π+π−π0 is seen in Fig. 14 with x and y distributions. As one can
see the CLAS data have a full coverage in these variables.
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FIG. 14: Left panel: Dalitz plot distribution of the decay η → π+π−π0. Middle panel: x-projection of the Dalitz plot. Right

panel: y-projection of the Dalitz plot. Experimental data are from CLAS g11 experiment.

In Fig. 15 (left panel) we present the distribution of missing mass of the proton in the reaction γ + p → pπ+π−η,
where η is reconstructed in the missing mass of the pπ+π− system, i.e. γ(1H, pπ+π−)X. As one can see there is a
clear peak of η� with ∼300K events, which is almost an order of magnitude higher than the recent BES [18] data. In
Fig. 16 we show our Dalitz plot distribution for the decay η� → π+π−η.

The internal dynamics of the decay η → π+π−π0 and η� → π+π−η can be described by two degrees of freedom
since all particles involved have spin zero. The Dalitz plot distribution for the decay η → π+π−π0 is described by the
following two variables:

X =

√
3

Q
(Tπ+ − Tπ−), Y =

3Tπ0

Q
− 1, (7)

where Tπ is the kinetic energy of the meson in the η rest frame and Q = Tπ+ + Tπ− + Tπ0 .
The corresponding variables for the decay η� → π+π−η are

X =

√
3

Q
(Tπ+ − Tπ−), Y =

mη + 2mπ

mπ

Tη

Q
− 1, (8)

here Q = Tπ+ + Tπ− + Tη

The matrix element of the decay can be expanded around the center of the corresponding Dalitz plot in order to
obtain the Dalitz slope parameters:

M2 = A(1 + aY + bY 2 + cX + dX2), (9)

where a, b, c and d are real parameters and A is a normalization factor. Our high statistics dataset will allow us to
extract these polynomial coefficients with the high statistical precision as it is presented in the fifth column of Table
I based on CLAS data from g11 experiment only (see Fig. 17). An addition of g12 data will reduce these errors by
another factor of two.

At the φ mass, there is also a hint of the G-parity violating decay mode: φ → π+π−η. In Fig. 15 (right panel) we
show a zoom of the mass distribution in the region of the φ, showing a small peak at the φ mass. This decay mode
has never been observed, PDG quotes only an upper limit for the branching ratio: Br < 1.8× 10−5. The theoretical
model [19] predicts an signifacantly smaller branching on the order of ∼ 3× 10−7. A measurement of this branching
ratio can have an important impact.
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FIG. 15: Left panel: distribution of missing mass of the proton for the reaction γ + p → pπ+π−η. Right panel: zoom of the

left figure with the fit of φ peak. Experimental data are from CLAS g11 experiment.
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FIG. 16: Left panel: Dalitz plot distribution of the decay η� → π+π−η. Middle panel: x-projection of the Dalitz plot. Right

panel: y-projection of the Dalitz plot. Experimental data are from CLAS g11 experiment.
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FIG. 17: Table I: Dalitz plot parameters from experiment and from theory prediction [18]. The fourth column shows statistical

error achieved at BES and the fifth column shows expected statistical error from the CLAS g11 data.

III. VECTOR MESONS

A. Dalitz Decay ω → e+e−π0

In Dalitz decays, the vector meson decays into a pseudoscalar meson and a lepton pair, formed by internal conversion
of an intermediate virtual photon. In the vector meson dominance (VMD) model, the form factor is the same as
measured in the π0 → γe+e− and η → γe+e− decays and in the e+e− → e+e−π0 production processes. The
V → PSe+e− decay provides unique information about the form factor in the time-like region where vector particle
has an invariant mass squared significantly greater than zero. The knowledge of the π0 and η form factors is also
needed for the interpretation of the g-2 [9] and π0 → e+e− [20–22] experiments. The transition form factor for
the ω meson seems to deviate strongly from VMD predictions whereas pseudoscalar meson decays involving dileptons
typically agree with VMD, for example, π0 → γe+e− and η → γµ+µ−, [5]. A theoretical explanation for the observed
deviation from VMD is in need of improved experimental input and is pursued with current theoretical efforts [23]
going beyond VMD in a systematic way. It is important to determine the transition form factors for vector mesons
via Dalitz decays with different experimental methods. This measurement will have the highest statistics achieved so
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far. In Fig. 18 (left panel) missing mass squared, M2
X(pe+e−) is presented for events under the ω peak. As one can

see very narrow peak at zero, corresponding to the ω → e+e− except of prominent peaks of psudoscalar mesons there
is a clear peak of ω meson. The results obtained from the CLAS data can be compared with the results extracted
from the heavy-ion NA60 experiment [12] for ω mesons.
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FIG. 18: Left panel: missing mass squared, M2
X(pe+e−), for events within 2σ of the ω peak. Right panel: missing mass of the

proton for events under the π0 peak from the left panel |M2
X(pe+e−)−M2

π0 | < 0.01 GeV2.

The pole parameter of the electromagnetic transi-
tion form factor of the Dalitz decay η → µ+µ−γ
is measured to be Λ−2η =1.95±0.17(stat.)±0.05(syst.)
GeV−2. It perfectly agrees with the previous mea-
surement of the Lepton-G experiment Λ−2η =1.90±0.40
GeV−2 as well as with predictions from VMD, Λ−2η =1.8
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Figure 4: Experimental data on the η-meson electromagnetic transi-
tion form factor (red triangles), compared to the previous measure-
ment by the Lepton-G experiment (open circles) and to the expecta-
tion from VMD (blue dashed line). The solid red and black dashed-
dotted lines are results of fitting the experimental data with the pole
dependence Eq. (1). The normalization is such that |Fη(M = 0)|=1.

GeV−2 [2]. The characteristic mass Λ is equal to
Λη=0.716±0.031(stat.)±0.009(syst.) GeV, as compared
to the value from Lepton-G of Λη=0.724±0.076 GeV
or to the VMD value of Λη=0.745 GeV. Our result im-
proves the Lepton-G error by a factor of 2.3, equivalent
to a factor of 5 larger statistics. The error improvement
to be expected from the difference in sample sizes (9 000
vs. 600) would have been larger (a factor of 3.8), but
this is only found if the ω Dalitz decay is frozen in the
fit [18].
The pole parameter of the electromagnetic transi-

tion form factor of the Dalitz decay ω → µ+µ−π0

is measured to be Λ−2ω = 2.24±0.06(stat.)±0.02(syst.)
GeV−2. Within errors, it agrees with the Lepton-
G value of Λ−2ω =2.36±0.21 GeV−2. Both experimen-

tal results differ from the expectation of VMD of
Λ−2ω =1.68 GeV−2 [2]. The anomaly is therefore fully
confirmed. The characteristic mass Λ is found to be
Λω=0.668±0.009(stat.)±0.003(syst.) GeV, as compared
to the value from Lepton-G ofΛω=0.65±0.03GeV or to
the VMD value of Λω=Mρ=0.770 GeV. The confirma-
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Figure 5: Experimental data on the ω-meson electromagnetic transi-
tion form factor (red triangles), compared to the previous measure-
ment by the Lepton-G experiment (open circles) and to the expecta-
tion from VMD (blue dashed line). The solid red and black dashed-
dotted lines are results of fitting the experimental data with the pole
dependence Eq. (1). The normalization is such that |Fω(M = 0)|=1.

tion of the anomaly receives particular weight through
the fact that the statistical errors are improved by a fac-
tor of nearly 4, equivalent to a statistics larger by a factor
of >10. Referred to Λ−2, the previous measurement dif-
fered by three standard deviations (3σ) from the VMD
expectation, while our newmeasurement differs by 10σ.
The error improvement to be expected from the differ-
ence in sample sizes (3 000 vs. 60) would have been
still larger (by a factor of 7), but this is only found if the
η Dalitz decay is frozen in the fit [18].
The branching ratio of the ω Dalitz decay BR(ω →
µ+µ−π0) is found to be larger by a factor of
1.79±0.26(stat.)±0.15(syst.) than that of the PDG [16],
i.e. Lepton-G [6], corresponding to a new absolute
value of (1.72±0.25(stat.)±0.14(syst.))·10−4. Taking ac-
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FIG. 19: Left panel: transition form factor of ω from NA60 experiment [12] (red triangles), compared to the previous

measurement by the Lepton-G experiment [24] (open circles) and to the expectation from VMD (blue dashed line). The solid

red and black dashed-dotted lines are results of fitting the experimental data with the pole dependence |F 2| = (1−M2/Λ2)−2.

Right panel: missing mass of the proton for events under the π0 peak from the left panel |M2
X(pe+e−) − M2

π0 | < 0.01 GeV2

and within 2σ of the ω peak from CLAS g12 Data.

In Fig. 19 (left panel) ω transition form factor extracted from experimental data obtained by Lepton-G [24] and
NA60 [12] experiments is presented as a function of the invariant mass of muon pairs. The blue dashed line shows
expectation of VMD model which significantly deviates from the fit to experimental data of both experiments. In
Fig. 19 (right panel) number of events from the CLAS g12 experiment is presented as a function of invariant mass
of electron-positron pairs from the decay ω → e+e−γ. It shows that highest statistical precision achieved so far with
CLAS data and extends the range of virtuality below two muon mass.
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IV. SUMMARY

In conclusion from our preliminary analyses one can see that the CLAS data on photoproduction and decay of light
mesons can contribute significantly to essential topics of low energy QCD. The data already on tape at JLab in some
of these channels have statistics that is not in a reach of other world facilities. As we tried to underline above, we
anticipate at least the following physics results to be released within the scope of presented proposal:

1. Transition form factor of π0 in the time-like region from Dalitz decay e+e−γ

2. Transition form factor of η in the time-like region from Dalitz decay e+e−γ

3. Branching ratio η� → e+e−γ for the first time

4. Measurement of Eγ distribution in radiative decay η → π+π−γ

5. Measurement of Eγ distribution in radiative decay η� → π+π−γ

6. Transition form factor of ω in time-like region from Dalitz decay ω → e+e−π0

7. Dalitz plot analysis of hadronic decay η → π+π−π0

8. Dalitz plot analysis of hadronic decay η� → π+π−η

9. First observation of G-parity violating decay φ → π+π−η



13

[1] K. Nakamura et al. (Particle Data Group), J. Phys. G37, 075021 (2010).
[2] H. Fonvieille, N. Bensayah, J. Berthot, P. Bertin, M. Crouau, et al., Phys.Lett. B233, 65 (1989).
[3] F. Farzanpay, P. Gumplinger, A. Stetz, J. Poutissou, I. Blevis, et al., Phys.Lett. B278, 413 (1992).
[4] R. Meijer Drees et al. (SINDRUM-I Collaboration), Phys.Rev. D45, 1439 (1992).
[5] L. Landsberg, Phys.Rept. 128, 301 (1985).
[6] H. Behrend et al. (CELLO Collaboration), Z.Phys. C49, 401 (1991).
[7] J. Gronberg et al. (CLEO Collaboration), Phys.Rev. D57, 33 (1998), hep-ex/9707031.
[8] B. Aubert et al. (BABAR Collaboration), Phys.Rev. D80, 052002 (2009), 0905.4778.
[9] H. N. Brown et al. ((Muon g-2 Collaboration)), Phys. Rev. Lett. 86, 2227 (2001).

[10] H. Czyz, S. Ivashyn, A. Korchin, and O. Shekhovtsova (2012), 1202.1171.
[11] H. Berghauser, V. Metag, A. Starostin, P. Aguar-Bartolome, L. Akasoy, et al., Phys.Lett. B701, 562 (2011).
[12] R. Arnaldi et al. (NA60 Collaboration), Phys.Lett. B677, 260 (2009), 0902.2547.
[13] F. Stollenwerk, C. Hanhart, A. Kupsc, U.-G. Meissner, and A. Wirzba, Phys.Lett. B707, 184 (2012), 1108.2419.
[14] P. Adlarson et al. (WASA-at-COSY Collaboration), Phys.Lett. B707, 243 (2012), 1107.5277.
[15] M. Gormley, E. Hyman, W.-Y. Lee, T. Nash, J. Peoples, et al., Phys.Rev. D2, 501 (1970).
[16] A. Abele et al. (Crystal Barrel Collaboration), Phys.Lett. B402, 195 (1997).
[17] D. J. Gross, S. Treiman, and F. Wilczek, Phys.Rev. D19, 2188 (1979).
[18] M. Ablikim et al. (The BESIII), Phys. Rev. D83, 012003 (2011), 1012.1117.
[19] N. N. Achasov and A. A. Kozhevnikov, Int. J. Mod. Phys. A7, 4825 (1992).
[20] E. Abouzaid et al. (KTeV Collaboration), Phys.Rev. D75, 012004 (2007), hep-ex/0610072.
[21] A. E. Dorokhov and M. A. Ivanov, Phys.Rev. D75, 114007 (2007), 0704.3498.
[22] A. Dorokhov, M. Ivanov, and S. Kovalenko, Phys.Lett. B677, 145 (2009), 0903.4249.
[23] C. Terschlusen and S. Leupold, Phys.Lett. B691, 191 (2010), 1003.1030.
[24] R. Dzhelyadin, S. Golovkin, A. Konstantinov, V. Konstantinov, V. Kubarovsky, et al., Phys.Lett. B102, 296 (1981).


	Contents
	Introduction
	 Pseudoscalar Mesons 
	Dalitz decays
	Radiative decays
	Hadronic decays


	Vector Mesons
	Dalitz Decay e+e-0

	Summary
	References

