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The CELSIUS-WASA setup has been used to measure the production of 3π◦ in pp interac-
tions at Tp = 1360 and 1450 MeV. A cross section for the prompt pp → pp3π◦ and resonant
pp → pp(η → 3π◦) reaction channel is determined. The efficiency corrected Dalitz plot and
density distribution for the η → 3π◦ decay are shown, together with a fit of the quadratic
slope parameter α. Our preliminary result for α is −0.027 ± 0.009(stat) ± 0.01(syst).

PACS: 12.38.Bx, 13.25.Jx, 14.40.Aq, 25.40.Ve

1 Introduction

The η meson has a decay width of about 1.3 keV, which is several orders of magnitude smaller
than for strongly decaying mesons of comparable mass i.e. for the ρ and ω. This is evidence for
the forbiddingness of the η decay into energetically accessible final states of neutral and charged
pions. The decay η → 3π does not obey G parity conservation nor isospin or charge symme-
try; it is responsible for 32.5% (22.6%) of the η decay width through the neutral 3π◦ (charged
π◦π+π−) channel. It occurs, besides a negligible electromagnetic contribution of second or-
der [1,2], as a strong decay, whose chiral symmetry characteristics can be treated by introducing
the effective Lagrangian of Chiral Perturbation Theory [3]. They lead to predictions of decay
rates as a function of the quark mass difference (md − mu) that enters with the flavor symmetry
breaking quark-mass term in the QCD Lagrangian [3, 4]. As a consequence, quantities that de-
pend on the decay amplitude A(η → 3π) give access to the mass difference (md − mu); among
them are the decay widths Γ(η → 3π), the ratio R = Γ(η → 3π◦)/Γ(η → π+π−π◦), and the
distribution of the pions in the respective Dalitz plots.

In lowest order χPT one finds for the decay amplitude A(η → 3π)
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with the pion decay constant Fπ and
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M(s, t, u) is a dimensionless factor that involves exclusively measurable quantities. Having a
good theoretical prediction for M , the quark mass ratio Q can be calculated from the decay rate
Γ(η → 3π) ∝ A2 ∝ Q−4.

The present work is primarily devoted to the investigation of the neutral decay η → 3π◦. The
expansion of the decay amplitude A around the center of the Dalitz plot yields [5]
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η, and an overall normalization constant c0. This
expression is symmetrized with respect to the three indistinguishable π◦ in the final state. In
lowest order of χPT the plot should be uniform. Deviations in the experimental Dalitz plot
result from the energy dependent π◦π◦ interaction. This is, however, a small effect. To make it
visible, the experimental Dalitz plot is linearized by introducing the variable z:
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where ρ is the distance from the center of the Dalitz plot. In ring intervals [ρ, ρ + δρ] around this
center the plot density should be constant. The coefficient α is in terms of eq.(3)

| A |2∝ 1 + 2αz (5)

a measure of the nonuniformity.
The Dalitz plot study is preceded by a determination of the cross sections for the prompt pp →
pp3π◦ and resonant pp → pp(η → 3π◦) process.

2 Measurement and data reduction

The presented analysis is based on data taken during two beamtimes in September and Decem-
ber 2003, using the WASA hydrogen pellet target system and a proton beam of 1360 MeV
resp. 1450 MeV kinetic energy, corresponding to center of mass excess energies of 41 MeV
and 75 MeV above the η production threshold.

In order to select the prompt and resonant 3π◦ production, all analyzed events are required
to have two protons detected in the multilayered forward detector, and six gammas (from sub-
sequent π◦ → γγ decays) being measured in the CsI calorimeter consisting of 1012 crystals
(see [6] for a detailed description of the CELSIUS-WASA detector setup). The proton proton
missing mass determination in the forward detector is used to separate the prompt and resonant
production, without applying any further conditions on the decay system.

Strict time cuts as well as some additional kinematical cuts are applied to suppress back-
ground coming from overlapping events and from pp → pp2π◦ reactions with additional hits in
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Fig. 1. Top: A fit of the Monte Carlo pp missing
mass distribution to the measured missing mass
spectrum for the two beam energies.
Left: Overview of the derived cross-sections for
prompt and resonant 3π◦ production together
with data points from another experiment.

the calorimeter due to hit cluster split-offs. The contribution of 2π◦ background to the data sam-
ple is very small, as it is seen from Monte Carlo simulations with the cross section fixed to 200 µb
(1360 MeV) resp. 300 µb (1450 MeV), based on an earlier CELSIUS-WASA measurement.

All possible 15 combinations of the 6 reconstructed gammas to form 3 individual π◦ → γγ

pairs are compared by means of a parameter χ2 =
∑

3
i=1

(IM(γγ)i−Mπ◦ )2

σDet
2 , with IM(γγ)i being

the invariant mass of the ith γγ pair, and σDet being the detector invariant mass resolution.
The most probable (or the two most probable) combination is used for a final kinematical

fit of the full event with 7 resp. 8 constraints: four-momentum conservation, 3 (γγ ≡ π◦)
constraints, (6γ ≡ η) constraint for the Dalitz plot. A cut on the χ2 of the fit is applied which
further suppresses the background. All distributions of kinematic variables are reproduced in the
Monte Carlo simulation based on the following three reaction channels: pp → pp(η → 3π◦),
pp → pp3π◦ and pp → pp2π◦.

3 Cross section determination for prompt 3π
◦ production

Prompt 3π◦ production is one of the major background channels, not only for the η → 3π◦

decay, but also for several other η decay channels. Thus an exact knowledge of the cross section
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is important. The simultaneous measurement of both prompt and resonant 3π◦ production in
CELSIUS-WASA can be used to derive the cross section for the prompt 3π◦ production channel
using the resonant η decay for normalization and for cross check of the measurement efficiency.

The η–peak clearly stands out in the proton proton missing mass distribution. A fit of the ap-
propriate Monte Carlo contributions to the measured missing mass spectrum yields their relative
weights, and together with the well known eta production cross section and branching ratio, the
prompt 3π◦ cross section can be extracted without reference to any luminosity determination or
detailed acceptance studies.

Fig.1 shows the result of the best fit for the two beam energies: 1360 and 1450 MeV. The
resulting cross sections are σT=1360 MeV

pp→pp3π◦ = 0.92 ± 0.1µb and σT=1450 MeV
pp→pp3π◦ = 1.50+1.0

−0.5µb,
based on literature values for the η production cross section of 5µb resp. 15µb ( [7], [8]) and a
3π◦ decay branching ratio of 32.51%.

Using the measured luminosity (from the concurrent pp elastic scattering) we can also extract
the η–production cross section from the number of pp → ppη events given by the fit, resulting
in σT=1360 MeV

pp→ppη = 5.0 ± 0.3µb and σT=1450 MeV
pp→ppη = 15.7 ± 0.8µb, with errors based on an

uncertainty in the luminosity determination of 5 %. The good agreement shows that the detector-
and trigger acceptance are well understood.

A similar approach is used to deduce an upper limit for prompt 4π◦ production at 1450 MeV,
yielding σT=1450 MeV

pp→pp4π◦ ≤ 0.01µb. The lower part of Fig. 1 shows an overview of the CELSIUS-
WASA results for 3π◦ production cross sections together with results from [7].

4 Dalitz plot and slope parameter α

To obtain the symmetrized Dalitz plot of the 3π◦ from the η decay, a narrow band around the
η mass of the proton proton missing mass spectrum is selected to reduce the background from
prompt 3π◦ production. The remaining background contribution is in the order of 5 % and
assumed to be phase space distributed. The resulting Dalitz plot and radial density distribution z
(eq. 4) are shown in the left part of fig. 2, separately for Monte Carlo and real data. The deviation
from a circular shape of the Dalitz plot is due to the relativistic kinematics. The Monte Carlo
simulation is based on pure phase space hence the resulting Monte Carlo plot reflects the detector
acceptance. The acceptance corrected density distribution, as shown in the right part of fig.2, is
obtained as the ratio of real and Monte Carlo simulated events. The real data sample consists of
ca. 80.000 events after all cuts. A linear fit yields the result for the slope parameter α (eq. 5)
with α = −0.027± 0.009(stat)± 0.01(syst). For our present result, we excluded the first and
the last three bins due to low statistics or systematic uncertainties.

The systematic error was obtained by variation of all essential cuts applied in the reconstruc-
tion: we varied the χ2 cut of the kinematical fit, the combinatorical purity of the sample, the
missing mass cut, the fit region, and we selected different data subsamples.

The result, at present limited by the available statistics, is within errors compatible with both
the results from Crystal Ball (α = −0.031(4), based on 106 events, [9]) as well as the recent
KLOE result (α = −0.013 ± 0.005(stat) ± 0.004(syst), [10] ). We hope for further improve-
ment by including recent data periods with deuteron target into the analysis.
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Fig. 2. Dalitz plot and radial density distribution for Monte Carlo (left, upper part) and real data (left, lower
part). The right part shows the acceptance corrected Dalitz plot density distribution together with a linear
fit to obtain the slope parameter α.
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