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Leading Modes of 3π0 production in proton-proton
collisions at incident proton momentum of
3.35 GeV/c
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The pp → pp3π0 reaction was measured for the first time by the WASA-at-COSY collaboration
at a proton beam momentum ofPb = 3.35 GeV/c. All reaction products were measured. Around
1 million events were reconstructed. The 3π production causes one of the most severe types of
background, specially for the decays ofη ,ω ,η ‘ mesons. The total cross section has been mea-
sured and will be compared with existing theoretical predictions and available data. The dynamics
of the production was also studied by a Dalitz plot technique, which indicates the dominant role
of the∆(1232) and theN∗(1440) in the production mechanism.
Thepp→ ppη reaction reaction was also measured for the same momentum asa reference signal.
The experimental data suggest the momentum dependence of the angular distributions.

The preliminary high statistics results on a Total Cross Section and Dalitz plots will be presented.
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1. The pp → pp3π0 reaction

Direct pp → pp3π0 production in the region of narrow mesonic states (likeη ,ω ,η ′,φ ) form
the main background contribution for studies of meson production and decays. The reaction has
not yet been studied at high beam kinetic energies, the crosssection and the reaction dynamics
are not known, only few data points at low energies were measured [1]. The knowledge about
the dynamics of the reaction is very interesting especiallysince there is enough energy to excite
various baryon resonances and their dynamics can also by studied. This is also of special interest
for production and decays ofω andη ′ mesons. The 3π0 production causes one of the most severe
types of background, specially for the leptonic and semileptonic decay channels of the mesons
sinceπ0 mesons can undergo Dalitz decays and conversion fromγγ decay.

The reaction was measured by the WASA-at-COSY collaboration [2] at a proton beam mo-
mentum ofPb = 3.350 GeV/c (which corresponds to a kinetic energy ofT = 2.541 GeV and excess
energyQ = 598 MeV). All reaction products were measured, two protons in the Forward Detector
and six photons, which form three neutral pions, in the Central Detector of the WASA-at-COSY
setup. Around 1 million events were reconstructed.
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Figure 1: Missing mass of the two protons for thepp→ pp3π0 reaction. Experimental data (black), Monte-
Carlo homogeneous and isotropic phase space (blue).

The missing mass distribution of the two protons is presented in Fig. 1 for the case of two
protons and three neutral pions. A clear signal forη → 3π0 is seen above the directpp → pp3π0

production. The Monte-Carlo simulation which is based on a homogeneous and isotropic popu-
lated Phase Space is plotted for comparison. It is seen that the experimental direct missing mass
distribution strongly deviates from the simulation. The homogeneously and isotropically populated
phase space does not describe the experimental data.
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(a) M2(p3π0) distribution, each event is filled two times.
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(b) M2(pp) distribution, each event is filled two times.
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(c) M2(2π0) distribution, each event is filled six times.

Figure 2: Dalitz Plot projections for thepp → pp3π0 reaction, acceptance and efficiency corrected ex-
perimental data (black) compared with Monte-Carlo model assuming simultaneous excitation of∆(1232)
and N∗(1440) (red) and Monte-Carlo homogeneous and isotropic phase space (blue) simulation. The
columns from left to right correspond to the selection of thefollowing missing mass of two proton region:
MMpp = 0.7−0.8 GeV/c2, MMpp = 0.8−0.9 GeV/c2, MMpp = 0.9−1.0 GeV/c2. The simulations are
normalized to the same number of events as the experimental data. It is seen that the model describes the
data significantly better than the homogeneous and isotropic phase space.
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(a) M(p2π0) distribution, each event is filled six times.
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(b) M(pπ0) distribution, each event is filled six times.

Figure 3: Nyborg Plot projections for thepp → pp3π0 reaction, acceptance and efficiency corrected ex-
perimental data (black) compared with Monte-Carlo model assuming simultaneous excitation of∆(1232)
and N∗(1440) (red) and Monte-Carlo homogeneous and isotropic phase space (blue) simulation. The
columns from left to right correspond to the selection of thefollowing missing mass of two proton region:
MMpp = 0.7−0.8 GeV/c2, MMpp = 0.8−0.9 GeV/c2, MMpp = 0.9−1.0 GeV/c2. The simulations are
normalized to the same number of events as the experimental data. It is seen that the model describes the
data significantly better than the homogeneous and isotropic phase space.

The dynamics of the production was studied by a Dalitz and Nyborg plot analysis. The ex-
perimental distributions were compared with the homogeneous and isotropic phase space and the
Monte-Carlo model assuming the following reaction mechanism:

pp → ∆(1232)N∗(1440)→ pp3π0 (1.1)

where the∆(1232)N∗(1440) decays later into protons and pions via:

• ∆(1232) → pπ0 andN∗(1440)→ pπ0π0 (direct decay)
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• ∆(1232) → pπ0 andN∗(1440)→ π0∆(1232)→ π0pπ0 (sequential decay).

From the fit of the two decay branches of theN∗(1440) to the experimental distributions, the
fraction of the sequential decay contributing to thepp3π0 final state was estimated to be∼ 94%.

It is seen in Figs. 2, 3 that the model describes the data significantly better than the homoge-
neous and isotropic phase space.
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Figure 4: Cross Section forpp → pp3π0 as a function of beam energy. Experimental data [1] and different
theoretical predictions are indicated [3, 4, 5]. The WASA-at-COSY result is shown as a solid square.

The total cross section has been obtained by a normalizationto the knownpp → ppη cross
section resulting in

σpp→pp3π0 = 123±21 µb (1.2)

The cross section has been compared with the existing data [1] and theoretical predictions
[3, 4, 5], presented in Fig. 4. The data favors the cross section scaling model based on the Delof
final state interaction [4].
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2. The pp → ppη reaction

Many previous high statistics experimental studies of the reaction dynamics in the thresh-
old region [6, 7, 8, 9], for beam kinetic energies less than 2 GeV, show an important role of the
N∗(1535) baryon resonance. The near threshold data were interpretedmostly in the framework of
the one-boson exchange models [10, 11, 12, 13, 14, 15, 16] (byexchange of various mesons like
π,η ,ρ ,ω) and a dominant role of theN∗(1535)S11. In the threshold region also the Final State
Interaction plays an important role [5, 4].

For higher energies above 2 GeV beam kinetic energy, there are only few studies [17, 18]
which consider two dominant production mechanisms: the resonant production (via excitation of
N∗(1535)) and the non resonant production.

The pp → ppη reaction at an incident proton momentum 3.35 GeV/c (T = 2.541 GeV),
which corresponds to the excess energyQ = 455 MeV, was also measured with the WASA-at-
COSY detector setup [2] viaη meson decay into three neutral pions. All final state particles were
detected, the two protons were registered in the Forward Detector of the WASA, while the three
pions were reconstructed from the decay into six photons in the Electromagnetic Calorimeter.

The reaction was measured for the momentum of theη meson in the CM system in the rage
of qCM

η = 0.45−0.7 GeV/c and for the cosine of the scattering angle of theη meson in the CM
frame in range of cos(θCM

η ) =−1.0−0.0. The detail investigations of the reaction dynamics were
performed to understand the production process.
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Figure 5: Invariant mass squared of the proton-η system, the lines correspond to the Monte-Carlo simulation
assuming different production mechanism. The experimental data are described by the 43% contribution of
the N∗(1535) and 57% contribution of the homogeneous and isotropic phasespace. The spectra are not
corrected for acceptance or efficiency.
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The invariant mass squared of the proton-η system was investigated (Fig. 5) to study the
dynamics of the reaction. The experimental data were compared with the Monte-Carlo predictions
based on the Pluto++ simulations [19] where the WASA-at-COSY detector response was simulated
by GEANT3 [20]. The following production scenarios were considered:

• The resonant part - modeled by the excitation of theN∗(1535)

• The non resonant part - modeled by homogeneously and isotropically populated phase space

Assuming that only these two scenarios participate in the production of theη meson, the
relative contribution of these two parts were fitted to the experimental data, fitted curve see Fig. 5.
The fit results in a 43% contribution of theN∗(1535) (resonant part) and 57% of the non resonant
part (phase space) in the production mechanism.
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Figure 6: The angular distribution of theη meson in the CM system for the differentη meson momentum
in the CM frame, the line corresponds to the Monte-Carlo model [19] based on experimental measurements
[17]. The angular distribution changes while theη momentum increases.

Also the angular distribution of theη meson was investigated by studying the cosine of the
scattering angle of theη meson in the CM frame cos(θCM

η ) for different momenta of theη meson
in the CM systemqCM

η (Fig. 6). It is seen that when the momentumqCM
η increases the angular

distribution of cos(θCM
η ) changes from almost flat one to highly anisotropic. This effect have never

been measured before. The experimental data were also compared with the existing Monte-Carlo
model [19], based on the experimental measurements [17]. Itis seen that the Monte-Carlo model
follows only the angular distribution for the lowest momentum rangeqCM

η = 0.450−0.475 GeV/c.
The angular distribution for the higher momentum range is not described by the model since it does
not include the changes of the distribution as a function of the momentum.
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The production dynamics of theη meson was studied in details. It is shown that the production
mechanism proceeds via excitation of theN∗(1535) baryon resonance in 43%. For the first time
the momentum dependence of the angular distribution of theη meson was observed.
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