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Abstract. Light meson decays are used to investigate topics related to fundamental
aspects of particle physics. Precision measurements of meson Dalitz decays give input to theoretical evaluations of the Hadronic Light-by-Light contribution (HLbL) to the
anomalous magnetic moment of the muon. The pseudoscalar η decays allow for studies
of topics like ππ scattering lengths, effective field theories and fundamental symmetries.
The A2 collaboration, using the Crystal Ball/TAPS setup at MAMI, has recently published several high precision results on transition form factors which are related to HLbL.
The value obtained for the slope parameter of the π0 electromagnetic (e/m) transition
form factor (TFF) is aπ = 0.030 ± 0.010tot . The slope parameters for the e/m TFFs of ηγ
−2
and ωπ0 are Λ−2
and Λ−2
= (1.99 ± 0.22) GeV−2 , respectively.
ηγ = (1.97 ± 0.13) GeV
ωπ0
In 2014 the collaboration had a dedicated experimental campaign for the production of
η mesons. One of the main goals was to measure the dynamics of η → ηπ0 π0 with high
precision. An overview of the physics cases, the experimental setup and the results are
given.

1 Introduction
Mesons and their properties continue to be of interest to the hadron and particles-physics communities.
The electromagnetic transition form factors (TFF) are of interest for probing the precision frontier of
the Standard Model (SM) but also for understanding the intrinsic properties of the hadrons themselves.
In recent years, a renewed interest in the TFFs has in recent years surged as these enter as input to
the theoretical calculations of the Hadronic Light-by-Light (HLbL) contributions to the anomalous
magnetic moment of the muon, (g − 2)µ . Also, the study of the pseudoscalar η mesons along with
its decay modes can give insight into our understanding of hadron and particles physics. Besides the
η Dalitz decay, which is related to the aforementioned (g − 2)µ determination, one can also study
the decay properties and dynamics in η → ηππ and η → πππ; Pseudoscalar-Vector(PV) interactions
of interest for Chiral Effective Field Theories can be studied via η → ωγ; searches for forbidden
or suppressed decays can be conducted on e.g. η → 2π, η → 4π and η → l+ l− π0 . In addition,
photo-induced production of the η mesons is a selective probe for studying nucleon resonances [1].
This proceeding will have, as its main focus, recent results from the A2 collaboration on meson TFF:
π0 → e+ e− γ [2], η → e+ e− γ and ω → π0 e+ e− [3], and the decay η → π0 π0 η. These proceedings are
structured to, first, give motivations for the respective physics cases (section 2), an overview of the
Crystal Ball-TAPS experimental setup at MAMI (section 3), a description of the major analysis steps
(section 4), the results (section 5), and, finally a summary (section 6).
 e-mail: adlarson@kph.uni-mainz.de
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Figure 1. The Hadronic Light-by-Light contribution.

2 Motivation: aµ and Meson TFF
Some of the most precisely known quantities in the SM are those of the anomalous magnetic moments of leptons, al = (gl − 2)/2. Although ae is more precisely known [4], the muon anomaly has
greater sensitivity to heavier physics since the relative contribution of heavier virtual particles goes as
(mµ /me )2 ∼ 43000 [5]. For the muon magnetic moment the most precisely measured value, which is
known to the 10th decimal, comes from the E821 experiment at Brookhaven National Laboratory [6].
Comparing the E821 result to the SM calculation [7] gives a difference of ∆µEXP−S M = 28.7±8.0·10−10 ,
a deviation of 3.6σ. Another recent theoretical evaluation finds a deviation of 4.5σ [8]. This could be
an indication of physics Beyond Standard Model, but for this to be confirmed, higher accuracy for both
experiments and theory are still needed. The SM calculation to aµ is split up into its electromagnetic
Z
hadr
(aµQED ), weak (aW,
= aµHV P + aµHLbL ). Although the highest contriµ ) and hadronic components (aµ
bution comes from QED, the greatest uncertainty comes from the hadronic part. New experiments are
planned at Fermilab and J-PARC, with the goal to measure aµ with a reduced uncertainty of a factor
4, δaµ ∼ 1.6 · 10−10 [9, 10]. The accuracy probed by these experiments will be sensitive to mass scales
of mµ /(δaµEXP )1/2 ∼ 8 TeV, thus competitive to LHC energy scales [11]. With the projected experimental accuracy, the limiting uncertainty will then be dominated by the hadronic contributions to the
SM calculation of aµ . The hadronic component of aµ can be further sub-divided into aµHV P and aµHLbL ,
referring to the hadronic vacuum polarization (HVP) and HLbL contributions, respectively. The HVP
term is dominant of the two and can be directly linked to hadronic cross-sections in e+ e− -scattering
via dispersion relations. The HLbL contribution, which is the diagram shown in Fig. 1, is more difficult to estimate. Until recently, this contribution was mostly obtained from hadronic models, suffering
from large and uncontrolled uncertainties [12]. Recently, however, dispersive approaches have been
proposed with the goal to reduce the present day errors of the HLbL contribution. One theory group
uses dispersion relations based on the analytic structure of the HLbL tensor [15], and one group based
on the properties of the electromagnetic vertex function [13]. The first is also a data driven approach,
which includes experimental data to evaluate the HLbL contribution in a systematical way. If the
experimental data input is precise enough, this can help to constrain the dispersion relation results.
Even if data are not precise enough to constrain the calculations, they can still be used to assess the
predictive power of these approaches.
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2.1 Motivation: Meson TFF

An important ingredient for a better understanding of the HLbL contributions comes from the study
of meson TFFs [14]. The meson TFF refers to the vertex where a meson transforms to another
state by emitting a virtual photon. Meson TFFs can be accessed in kinematical regions of fourmomentum transfer q2 through study of both space- and time-like processes. In Mainz, experimental
activities are focused on both regions with the BESIII (space-like) and A2 (time-like) detectors [16].
Time-like TFFs can be studied in Dalitz decays and annihilation processes, while space-like TFFs
are studied in photon-photon fusion processes. The TFFs with the lightest pseudo-scalar particles
(π0 , η, η ) are of greatest importance to the HLbL contribution as the expected importance of the
contribution goes as 1/m2P [20]. The A2 collaboration can kinematically access and measure the P =
π0 , η, η Dalitz decays, i.e. P → γ∗ γ → e+ e− γ, as well as the decay ω → π0 e+ e− . Quantum
Electro

Dynamics (QED) predicts a specific meson decay dependence on the observable mll = q2 . As QED
describes the point-like behavior of the meson decay, any deviation is attributed to the properties of
the electromagnetic TFF. For the Dalitz decays, the momentum transfer range available is given by
4m2l < q2 < m2P , where mP is the mass of the pseudoscalar meson, P. This applies to the case P → γγ∗ .
In general, however, A → Bγ∗ has the range m2l ≤ q2 ≤ (mA − mB )2 . The time-like TFF is obtained
by dividing the differential decay distribution with its corresponding QED contribution, e.g. QEDPγ .
For the Dalitz decays, this is given by
dΓ(P → l+ l− γ)
= |QEDPγ ||F Pγ (mll )|2 ,
dmll · Γ(P → γγ)

(1)

where F P (mll ) is the meson TFF for the Pseudoscalar Dalitz decays. For the decay ω → π0 e+ e− , the
ω → π0 γ∗ TFF is
dΓ(ω → l+ l− π0 )
(2)
= |QEDωπ0 ||Fωπ0 (mll )|2 .
dmll · Γ(ω → γπ0 )

In the Vector Meson Dominance model (VMD), the virtual photon, γ∗ , couples to an intermediate
virtual-vector-meson state V(e.g. ρ, ω, φ). This mechanism becomes more enhanced in the timelike region for decays where q is allowed to approach close to the resonance region, q2 = m2V . An
observable often used to quantify the TFF dependence is the slope parameter, aP , which reflects the
slope value extracted at q2 = 0,
F P (mll )
|q=0 .
(3)
aP ≡
dq2
Related to this quantity is also the effective mass Λ which, under the VMD approximation,
parametrizes the TFFs in a pole approximation,
F Pγ/ωπ0 (mll ) = (1 −

m2ll −1 −2
) , Λ = aP .
Λ2

(4)

Due to the smallness of the momentum-transfer range for the π0 Dalitz decay, it is parametrized as
Fπ0 γ (mll ) = (1 + aπ

m2ll
m2π0

).

(5)

Experimentally, the PDG value of the slope parameter for the π0 Dalitz decay,
aπ0 = 0.032±0.004 [17] is dominated by the CELLO result, aπ0 = 0.0326±0.0026stat ±0.0026syst [18].
It should be noted, however, that the CELLO result introduces a certain model dependence, as the
slope parameter is extrapolated from the space-like region under the assumption of the validity of
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VMD. Furthermore, the extrapolation is from the range of momentum transfers above 0.5 GeV2 ,
where the actual measurement took place, towards small momentum transfers. It is, therefore, also
beneficial to have measurements of the slope parameter that does not rely on extrapolations, but are
measured directly in the time-like region. Up until recently, the most accurate value of the slope
parameter measured from π0 Dalitz decay data is from the SINDRUM collaboration [19]. SINDRUM
obtained aπ0 = 0.025 ± 0.014stat ± 0.026syst , and their result was based on the analysis of 54 · 103
events. More recently, and about the same time as the A2 result became available [2], the NA62
collaboration also released new results [21]. These are based on 1.05 · 106 Dalitz decays and the
obtained value is aπ = 0.0368 ± 0.0051stat ± 0.0025syst . The most accurate theoretical descriptions of
the slope-parameter are obtained from using Padé approximants [22] or dispersive theory [23], giving
aπ0 = 0.0324 ± 0.0012stat ± 0.0019syst and aπ = 0.0307 ± 0.0006tot , respectively.
For the η Dalitz decay, the best experimental result for the slope parameter of the
Dalitz decays come from the NA60 collaboration from p–A collisions, Λ−2
= (1.934 ±
ηγ
0.067 stat ± 0.050 syst ) GeV−2 [24].
These are in good agreement with their first results,
−2
obtained in peripheral In–In data [25]. There are two
Λ−2
ηγ = (1.95 ± 0.17stat 0.05syst ) GeV
previous results from the A2 collaboration at MAMI, based on 1.35 · 103 [26] and 2.2 · 104 [27]
−2
Dalitz decays. The higher-statistics result gave the value Λ−2
η = (1.95 ± 0.15stat ± 0.10syst ) GeV . A
recent theoretical prediction comes from the Jülich group, using a dispersive approach [28, 29]. In
addition, there are predictions based on Padé approximants [32, 33] and using a chiral Lagrangian
approach [30, 31]. For the η Dalitz decay, the best experimental result comes from the BESIII
collaboration [34].
Considering also other TFFs, much attention has been given to the time-like ωπ0 TFF in the qrange covered by the ω → π0 l+ l+ decay. This is because the available experimental data at high mll
masses are discrepant, so far, with every available theoretical approach. The experimental data from
Lepton-G [69] and NA60 [24, 25] are, however, in agreement with each other. These high mass data
points, mll > 600 MeV, are not compatible with theoretical approaches using also model-independent
assumptions. One group uses analyticity and unitarity in the framework known as the method of
unitary bounds [36] and finds inconcistency between their predictions and the NA60 data. Therefore,
it is of importance to obtain new experimental input that can be used for further probing the high mll
mass region.
2.2 Motivation: η → ηππ

As mentioned above, one of the reasons to study η decays is due to its connection to the HLbL
contribution. In general, decays of the η meson also play an important role for our understanding of
low energy Quantum Chromo Dynamics (QCD). The low-energy effective-field theory of QCD, Chiral
Perturbation Theory (ChPT) is constructed from the chiral SU(3)L ×SU(3)R symmetry in the limit of
vanishing quark masses (chiral limit), with the symmetry being spontaneously broken to SU(3)V [37].
ChPT works well below mσ and describes the interaction of the pseudoscalar mesons π, K, and η. In
ChPT η is, however, not included explicitly due to the U(1)A anomaly, which renders it massive also
in the chiral limit. To include η in a Lagrangian together with π, K, and η, one can assume that the
number of color charges is large (large-NC ). Under this assumption, the SU(3)L ×SU(3)R symmetry
extends to U(3)L ×U(3)R [38–41, 48]. How well large-NC ChPT works is not well established and,
therefore, needs to be confirmed through precision experiments. A potential drawback with large-NC
ChPT concerns the fact that it does not include resonances like ρ, a0 , σ directly as external states.
They are, however, taken into account through the low energy constants. The assumption is that the

4

EPJ Web of Conferences 166, 00015 (2018)
KLOE-2

https://doi.org/10.1051/epjconf/201816600015

external states have higher masses compared to the center-of-mass total energy for any given process
including η and, therefore, does not need to be taken into account explicitly [41]. The validity of
this assumption can, however, be questioned, and it can be argued that the resonance effects need
to be considered directly. For this purpose, Resonance Chiral Theory (RChT) has been developed,
where the pseudoscalars are allowed to interact with nonets of vectors, axials and scalars [42]. To test
the effectiveness of the ChPT extensions, the decay η → ηππ can be used. In 2010 both frameworks
were considered by using η → ηππ as a probe [41]. This decay is particularly suitable since final state
interactions are mainly dominated by scalars as G-parity conservation suppresses vector contributions.
In addition, as both η and η participate in the process, the mixing properties of these two mesons can
also be studied [41, 43].
There are also other motivations for studying η → ηππ. In the isospin limit, the η → ηπ0 π0 and

η → ηπ+ π− decay amplitudes should be the same, allowing for a direct comparison of these two
decay channels with theoretical predictions. Due to isospin violation, however, the virtual charge
exchange reaction π+ π− → π0 π0 gives rise to a cusp in the mπ0 π0 spectrum visible at the mass below
the mπ+ π− mass threshold. The effect of the cusp was first seen by NA48/2 in K + → π+ π0 π0 and it has
been used to extract the S-wave ππ scattering length combination a0 −a2 [44–49]. For η → ηπ0 π0 , the
cusp effect and its size has been predicted within the framework of the non-relativistic effective-field
theory to be about 6%, compared to phase space [50]. Previously, also the η → ηππ Dalitz plot
parameters were estimated within the framework of U(3) chiral effective-field theory in combination
with a relativistic coupled-channels approach [51–53].
The first experimental data on the neutral decay mode, η → ηπ0 π0 , was taken by the GAMS-2000
spectrometer at the IHEP accelerator U-70 with 5.4 · 103 measured decays [54]. A higher statistics
sample was made a few years later as the upgraded GAMS-2000 spectrometer, GAMS-4π, in 2009
measured 1.5 · 104 events [55]. The corresponding decay with charged pions η → ηπ+ π− has been
measured with higher statistics by the VES [56] and BESIII [57] collaborations. The highest-statistics
results come from the BESIII collaboration measuring ∼ 43.8 · 103 decays. An updated result from
BESIII is foreseen in the near future with even higher statistics in the final event sample.
To describe the matrix element for the η → ηπ1 π2 decay the Dalitz plot is used. Three body
decays can be expressed in terms of the variables X and Y, defined as
√
T η mη
3
(T π1 − T π2 ), Y =
(
+ 2) − 1 .
(6)
X=
Q
Q mπ
The observables T π1 , T π2 denote the kinetic energies of the two final-state pions and T η denotes the
kinetic energy of η. All kinetic energies are calculated in the η rest frame. The sum of the kinetic
energies are given by Q, Q = T η + T π1 + T π2 = mη − mη − 2mπ . The Dalitz plot is expanded around
X = Y = 0 and a polynomial is used to describe the matrix element. The polynomial parametrization
used in the most recent measurements [55–57] is given in the form
|M|2 ∼ 1 + aY + bY 2 + cX + dX 2 ,

(7)

where a, b, c and d are Dalitz plot parameters. All Dalitz plot parameters of odd-powered X are
expected to be consistent with 0 for symmetry reasons. For η → π0 π0 η this is due to Bose-Einstein
symmetry of the wave function, and for η → π+ π− η as a consequence of charge-conjugation
symmetry. For the η → π0 π0 η, it is not possible to distinguish the two neutral pions from each
other. By definition, T π1 > T π2 , which means that X is always greater or equal to 0. Therefore,
any odd-powered dependence on X, e.g. the cX term, makes no sense in the neutral channel. Some
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Experiment η → π0 π0 η
GAMS4π [55]
Experiment η → π+ π− η
VES [56]
BESIII [57]
Theory η → ππη
Large-Nc* [41]
RChT* [41]
U(3) Ch.EFT (η → π+ π− η/η → π0 π0 η) [53]

a
-0.067(16)(4)

b
-0.064(29)(5)

d
-0.067(20)(3)

-0.127(16)(8)
-0.047(11)(3)

-0.106(28)(14)
-0.069(19)(9)

-0.082(17)(8)
-0.073(12)(3)

-0.098(48)
-0.098(48)
-0.123/-0.109

-0.050(1)
-0.033(1)
-0.104/-0.087

-0.092(8)
-0.072(8)
-0.047/-0.036

Table 1. Dalitz plot-parameter results for η → ππη measurements and calculations with errors given in the
parentheses. For the experimental data, the first and second parentheses denote the statistical and systematical
errors, respectively. *In ref [41] parameter values of eY · X 2 and f · X 4 are given. For Large-Nc, e = 0.003(2)
and f = 0.002(1) while, for RChT, e = −0.009(2) and f = 0.001(1).

recent experimental determinations and theoretical estimates of the Dalitz plot parameters are given
in Table 1. There is an ambiguity in the Dalitz plot parameters for the charged Dalitz plot parameters
a and b when comparing the VES [56] and BESIII [57] result. Given the connection between the
charged and neutral decays and the predicted cusp effect, a new high precision measurement would,
therefore, provide valuable input into better understanding QCD dynamics.

3 Experimental Setup
The electron accelerator MAMI (Mainz Microtron) [58, 59] at the Institute for Nuclear Physics of
the University of Mainz consists of a cascade of several accelerators, which allows the production of
an unpolarized or polarized continuous wave electron beam with nominal energies up to 1.604 GeV.
The photon beam were produced, for the experiments described here, when the electron beam
interacted with a thin 10-µm Cu radiator producing bremsstrahlung electrons and photons. To reduce
the width of the beam, the beam photons are collimated by a Pb collimator before entering the
target region. The Pseudoscalar (P= π0 , η, η ) and Vector (V=ω) particles are produced when the
bremsstrahlung photons impinge on a 5 or 10 cm long Liquid Hydrogen target (LH2 ), γp → P/V p.
The corresponding postbremsstrahlung electrons are detected in a tagger, providing the measurement
of the energy, Eγ , of photons incident to the target. There are two different taggers, for energies
covering ∼0.08-1.5 GeV the Glasgow-Mainz tagger is used [60–62]. For photon beam energies

needed to produce η a special tagging device was built, the so-called end-point tagging spectrometer
(EPT) [63] with the purpose of tagging postbremsstrahlung electrons with very low energy. The final
state e± - and γ-particles from the meson decays are measured by using the Crystal Ball (CB) [64]
and TAPS [65, 66], being the central and forward calorimeters, respectively. The experimental
setup is shown in figure 2. The CB detector consists of 672 NaI(Tl) crystals which are formed into
a sphere. The sphere encapsulates the LH2 target and covers 93% of 4π. Also covering the target is
the Particle Identification Detector (PID), made of 24 scintillator bars. Its main purpose is to separate
charged from neutral particles. The PID becomes important for the TFF analyses where one needs to
suppress charge conversion events from e.g. P → γγ events. The TAPS detector is installed 1.5 m

downstream and consists of 384 hexagonal BaF2 crystals. In the η experiment, 18 of the BaF2
crystals closest to the beamline were replaced with 72 PbWO4 crystals. This enabled running with a
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Target
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Figure 2. The Crystal Ball and TAPS experimental setup, indicating the direction of the photon beam as the red
arrow. For the η production run the 18 innermost TAPS BaF2 crystals were replaced with 72 PbWO4 crystals.

higher MAMI electron current, without decreasing the TAPS efficiency due to the higher count rate.
The experimental trigger was set to exceed a given energy sum collected in the CB.
The results presented here are from several different run periods between the years 2007-2014,
spanning different photon beam energy ranges. For the π0 Dalitz decay two beam times were used:
the first by tagging the bremsstrahlung electrons in the Eγ range 140-800 MeV and the second in the
tagged Eγ range 220-1450 MeV. The η Dalitz and ω → π0 e+ e− decays were collected and analyzed
using the two same runs. In the first run, the energies of the incident photons were analyzed up to 1402
MeV and in the second run up to 1448 MeV. The EPT run aimed at producing η with the maximum
electron-beam energy of MAMI, 1.604 GeV, which allowed to tag the Eγ range 1426-1577 MeV.

4 Analysis
4.1 π0 → e+ e− γ

The π0 Dalitz decay was searched for in events containing 3 and 4 reconstructed clusters. For 3cluster events it was assumed that the missing cluster is the proton, which can happen when the
proton energy is low and fails to escape the target region. For the selection of the final event sample
and determination of the kinematics, kinematic fit was used [67]. For details of the kinematic fit, its
parametrizations and resolutions, the interested reader is referred to [68]. Kinematic fit was used both
to select the signal and rejecting the main background contribution coming from π0 → γγ events.
For signal selection, only events with a Confidence Level (CL)>1% for the hypothesis γp → p3γ
were kept for further analysis. The electromagnetic showers for electrons/positrons are similar to γ,
such that γp → p3γ can be tested to identify γp → pe+ e− γ. Kinematic-fit was also used as a veto
rejecting events which fulfilled the hypothesis γp → pπ0 → pγγ with CL>10−5 . The lepton pairs
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were distinguished from photons by selecting CB clusters which also had matching hits in the PID. To
reduce background from conversion events of π0 → γγ, an additional requirement was also that two
different PID elements were fired. Both the signal and background contributions were simulated in
Monte Carlo (MC) to reflect their actual behavior in the experiment, both in terms of the production
cross sections and for the decay dynamics. The final event sample was split up into 18 bins with
respect to m(e+ e− ) in the range 15-120 MeV. In each bin, the actual Dalitz-decay-signal contents was
found by fitting a polynomial on the remaining, but small, non-resonant background together with a
Gaussian giving ∼ 4.0 · 105 π0 Dalitz decays.
4.2 η → e+ e− γ and ω → e+ e− π0

Similarly to the π0 Dalitz decay, η → e+ e− γ and ω → e+ e− π0 were also selected first by identifying
the number of final state clusters. For the η Dalitz decay both 3- and 4-cluster events were selected,
whereas, for the ω decay, only 5-cluster events was selected for further analysis. 4-cluster events
were neglected in the ω analysis as the proton information missing for such events resulted in much
larger background contributions. The kinematic fit was used to identify the signal channels as well
as suppressing background. For the ω channel, the hypotheses γp → 4γp and γp → π0 γγ → 4γp
were tested, while, for the η Dalitz decay the hypothesis γp → 3γp was tested. The main background
for the η Dalitz decay with three cluster events comes from π0 → γγ and η → γγ. To reject these
events, the kinematic-fit hypotheses tested also γp → π0 p and γp → ηp. If the CL was found to
be greater than 10−5 for the two latter hypotheses, these events were rejected. After kinematic-fit
selection, the lepton pairs were identified by selecting clusters with matching hits in the PID. For
the η Dalitz decay, the only serious background candidate was η → γγ with one photon undergoing
conversion in the material between the production vertex and the calorimeter material. For the ω, there
are three major sources of background: γp → π0 π0 p, γp → π0 ηp and ω → π+ π− π0 . Suppressing the
first two background channels required analysis of energy losses, dE/dx, in the PID elements, while
to suppress ω → π+ π− π0 , cuts on the kinematic-fit CL, vertex cuts and using the fact that nuclearinteraction and electromagnetic showers interact differently with the CB crystals were needed. After
final event selection for the η Dalitz decay and ω → π0 e+ e− , the sample was split up into bins with
respect to m(e+ e− ) and for each bin, the signal content was estimated by fitting a polynomial and
Gaussian to the experimental data. In the remaining final event sample, ∼ 5.4 · 104 η Dalitz decays
and ∼ 1.1 · 103 ω → π0 e+ e− decays were obtained.
4.3 η → ηπ0 π0

The process γp → η p → π0 π0 ηp → 6γp was searched for in events reconstructed with 7 clusters
detected in both CB and TAPS, assuming that one of the clusters was due to the recoil proton. In the
beam energy range of when producing η , most of the recoil protons were produced within the polar
angle covered by TAPS. Study of background reactions with MC simulations showed that the process
γp → 3π0 p → 6γp can mimic γp → π0 π0 ηp → 6γp if the invariant mass is greater than ∼ 820 MeV.
This can happen when invariant masses of the three γγ pairs, m(γγ), are found close to two masses of
π0 and a mass of η. Similarly, the process γp → π0 ηp → 4π0 p → 8γp can mimic the signal channel
when two of the eight final-state photons are not detected. Suppression of the γp → 3π0 p → 6γp
background was done by testing the corresponding kinematical-fit hypothesis and applying a CL cut.
For the final event sample, the requirement on the signal channel was CL>0.02. It was also required
that the hypothesis γp → 3π0 p → 6γp had to have a CL<0.08. The sample of remaining events is
shown in the left frame of Fig. 3. It is seen that there is still a non-peaking background distribution to
be accounted for in the final event sample. To estimate the signal content in the Dalitz plot, the data
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were, first, distributed into bins corresponding to different regions in X and Y of the Dalitz plot. Then
the data were fitted with a polynomial of order 4 together with the MC η signal line shape. The MC
η signal line shape came from a large statistics sample obtained under the same analysis condition as
the experimental distribution. The estimated number of η → ηπ0 π0 decays in the final event sample
is ∼ 1.4 · 105 .

5 Results
5.1 Meson TFF

The total number of π0 /η Dalitz decays and ω → π0 e+ e− was corrected for the efficiency in each
bin of m(e+ e− ). To obtain the transition form factors |Fπ0 γ |, |Fηγ | and |Fωπ0 |, the number of events
in each bin was divided by the corresponding QED contributions and decay widths, Γ(P → γγ),
Γ(ω → π0 γ). The form factor |Fπ0 γ |2 , shown as a function of m(l+ l− ) for the π0 Dalitz decay, is seen
in Fig. 4. Similarly, the |Fηγ |2 and |Fωπ0 |2 are shown in Figs. 5 and 6, respectively. The statistical
uncertainty in an individual bin of |F Pγ |2 and |Fωπ0 |2 was given by the uncertainty in estimating the
number of decays as determined by the Gaussian and polynomial fitting. The systematic uncertainties
were estimated for each individual m(e+ e− ) bin by repeating its fitting procedure several times after
refilling the experimental m(e+ e− γ)/m(e+ e− π0 ) spectra under different selection criteria used in the
analysis, e.g. cuts on the kinematical fit CL, different cuts on PID, dE/dx, cluster radius and z-vertex
position. By testing several different fits, this showed the concistency of the results. The average of
the results for all fits made for one bin was used to obtain the final form factor values. The systematic
uncertainties were taken as the root mean square of all the results from each bin.
By fitting Eqs. (4) and (5) to the form factor data points, the pole approximation and its slope
parameter were obtained. For the π0 Dalitz decay, this gives aπ = 0.030 ± 0.010tot , which is in good
agreement with the PDG value [17], the recent NA62 result [21] and theoretical estimates [22, 23]. For
the data points of the η Dalitz decay, the fit with the pole approximation, (Eq. 4), gives the fitted value
−2
Λ−2
η = (1.97 ± 0.13) GeV , which is in agreement with the latest NA60 result [24] and theoretical
calculations [29, 30, 32, 33]. The fit value obtained for |Fωπ0 |, Λ−2
= (1.99 ± 0.21tot ) GeV−2 , is a bit
ωπ0
−2
lower compared to previous measurements from NA60, Λωπ0 = (2.223 ± 0.026stat ± 0.037syst ) GeV−2
[24]. The new result from the A2 collaboration is in better agreement with theoretical calculations,
compared to the data from other experiments. A firm conclusion may not be drawn presently as the
accuracy of the present data points at large m(e+ e− ) masses is not sufficient for it. More high-statistics
measurements of the ω → π0 e+ e− decay, especially at large m(e+ e− ) masses, are needed to solve the
problem of the inconsistency remaining between the calculations and the experimental data.
5.2 η → ηπ0 π0

The Dalitz plot for the final event sample is shown in the right frame of Fig. 3 for the bin width
∆X=∆Y =0.1. The fit function minimized in MINUIT [75] is
2

bins 

 Ni − nbins

i=1 i · f (Xi , Yi) 

χ =

σ
i
i=1
2

(8)

where Ni is the experimentally reconstructed number of events in bin i and i is the efficiency for
the same bin and f (Xi , Yi ) is the fitting function given in Eq. 6. The bins are represented onedimensionally and are calculated such that a bin number specifies a rectangular area in the Dalitz
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1.3

πγ

|F 0 |2

Figure 3. (left) The final event sample for the decay η → ηπ0 π0 . (right) The preliminary Dalitz plot with a bin
width of 0.1.
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Figure 4. |Fπ0 γ |2 results with total uncertainties (black filled triangles) from two different run sets: Run 1 (a), Run
2 (b). The combined result is shown in (c). The fitted values to the points are shown by blue lines, with p0 being
the slope parameter aπ . Comparison to calculations with Padé approximants [22] is seen as the short-dashed
magenta line with a gray error band and to the dispersive analysis (DA) [23] shown as the red, long-dashed line.
The error band for the latter analysis is by a factor of four narrower, compared [22], and is omitted.

plot region. The efficiency, i , is obtained from a high statistics MC sample of 9 · 106 signal events.
The preliminary values for the Dalitz-plot parameters are given in table 2. The preliminary results are
in good agreement with the GAMS4π results, but have a better statistical accuracy. Investigation of
systematic effects as well as a detailed study of the cusp region are in progress.
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Figure 5. |Fηγ (me+ e− )|2 results (black filled triangles) fitted with the pole approximation (black solid line).
p0 and p1 denotes the normalization and slope parameter Λ−2 , respectively. The former results from the A2
Collaboration [27] (open magenta circles) and [26] (open green diamonds) are shown in panel (a). The results of
NA60 from peripheral In–In data [25] and p–A collisions [24] are seen in (b). The calculation from Ref. [30] is
seen in (a) as a blue dash-dotted line. The recent dispersive approach [29] is shown in (b) by a blue dashed line.
The calculations with Padé approximants are shown in (a) for a previous solution [32] (red dashed line with an
error band) and in (b) for the latest solution [33] (red dotted line with an error band).

Result
A2 Preliminary

a
-0.075(8)

b
-0.069(13)

d

χ2 /dof

-0.054(8)

247.6/195 = 1.27

Table 2. Preliminary results of A2 for the Dalitz-plot parameters of η → ηπ0 π0 . Uncertainties (inside the
parentheses) are statistical.

6 Summary
In these proceedings, three new results from the A2 collaboration were presented for the TFFs |Fπ0 γ |,
|Fηγ | and |Fωπ0 |. The results were obtained by analyzing the decays π0 → e+ e− γ, η → e+ e− γ and
ω → π0 e+ e− . The slope parameters for the e/m TFF of π0 γ, ηγ and ωπ0 are aπ = 0.030 ± 0.010,
−2
and Λ−2
= (1.99 ± 0.22) GeV−2 , respectively. While the results for the π0
Λ−2
ηγ = (1.97 ± 0.13) GeV
ωπ0
and η Dalitz decays are in agreement with other experimental results and theoretical calculations, the
ω → π0 e+ e− result from A2 are in a better agreement with theoretical calculations, compared to the
available experimental data. However, because of limited experimental statistics, no firm conclusion
can be drawn to rule out the previous results. For the η → ηπ0 π0 the preliminary results of the Dalitzplot parameters are presented and the systematic effect are currently under investigation. In addition
to the analysis of η → ηπ0 π0 analyses of η → e+ e− γ, η → ωγ and ω → ηγ with the A2 data are in
progress as well.
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Figure 6. |Fωπ0 (me+ e− )|2 results (black filled triangles) fitted with the pole approximation (black solid line).
p0 and p1 denotes the normalization and slope parameter Λ−2 , respectively. Earlier experimental results are
Lepton-G [69] (open red squares in (b)); NA60 in peripheral In–In data [25] (open green circles in (a) and (c));
NA60 in p–A collisions [24] (open green triangles in (b)). There are several theoretical calculations: The VMD
prediction (blue dashed line in (a)); calculation from Refs. [30, 31] is shown by a red dash-dotted line in (a);
dispersive analysis calculation by the Bonn group [70] (shown by error-band borders, magenta dashed lines in
(b)); upper and lower bounds by Caprini [71] (cyan dashed lines) for two cases of the discontinuity calculated
with the partial-wave amplitude f1 (t) based on the improved N/D model [72] (a), and from [70] (b); calculation
based on a model-independent method using Canterbury approximants [73] (magenta long-dashed line with gray
error band); basic calculation from JPAC [74] (blue dashed line in (c)) and inclusion of higher order terms of the
inelastic contributions in the ωπ0 TFF by a fit to the NA60 In–In data, for the solutions with adding one (black
dotted line, in (c)) and two (red dash-dotted line in (c)) terms; similar effect from including higher order terms by
fitting them to present |Fωπ0 (m+ − )|2 results shown for solutions with one (magenta long-dashed line in (c)) and
two terms (cyan dash-double-dotted line in (c)).
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