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1. Introduction
The possibility of existence of a bound state consisting of a nucleus bound
via the strong interaction with a neutral meson, such as η, η 0 , K, ω, has excited nuclear physicists for over 30 years, from the moment it was for the
first time postulated by Haider and Liu [1]. However, till now, the existence
of the so-called mesic nucleus has not been experimentally confirmed. Recently, both theoretical [2–17] and experimental studies [18–31] are ongoing.
The most recent experiment dedicated to the search for η-mesic helium
has been performed by the WASA-at-COSY Collaboration in Forschungszentrum Jülich (Germany). The measurements were carried out with high
statistics and high acceptance with the WASA detection setup [32] in
deuteron–deuteron (4 He–η) [23–26] and proton–deuteron (3 He–η) [26–31]
fusion reactions.
In this report, status and perspectives of the search for the η-mesic helium nuclei via pd → pdπ 0 reaction are presented.
2. Analysis of the pd → pdπ 0 reaction
One of the hypothesis postulates that reaction of the η-mesic nucleus
production and decay proceeds via scheme presented in Fig. 1.
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Fig. 1. Model of the bound state production and decay in the pd → pdπ 0 reaction.

The proton–deuteron collision leads to the formation of helium nucleus
interacting with the η meson via strong interaction. Next, the meson might
be absorbed by one of the nucleons inside 3 He leading to its excitation to
N ∗ (1535) resonance. The resonance decays into the p–π 0 pair and, subsequently, π 0 decays into 2γ quanta. The deuteron plays a role of spectator.
The above kinematical model was applied in Monte Carlo simulations
of the pd → (3 He–η)bound → pdπ 0 reaction. The simulation results were
compared with experimental data in order to select kinematical region corresponding to the bound state production in the pd → pdπ 0 process.
Events selection started with particles identification. The measurement
of energy loss in the thin plastic scintillator (PSB) combined with the energy
deposited in the electromagnetic calorimeter (SEC) [32] was used to identify
protons. The events corresponding to the charged pions registered in the
detector were subtracted (see Fig. 2).

Fig. 2. Experimental (left panel) and simulated (right panel) spectra of the energy
deposited in the SEC as a function of the energy loss in the PSB. The selected area
for protons is marked with the white line.
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The π 0 were reconstructed from the invariant mass of 2γ quanta originating from its decay. The cut applied in invariant mass spectrum, based
on Monte Carlo simulations, is presented in the left panel of Fig. 3.
In order to select kinematical region corresponding to the bound state
3 He–η, we apply a cut on the opening angle between proton and π 0 in the
◦
◦
center-of-mass frame θπcm
0 −p corresponding to the region of (155 –180 ) as
expected on the basis of the simulations (see the right panel of Fig. 3).

Fig. 3. Left panel: π 0 identification based on invariant mass spectrum of 2γ quanta.
Right panel: π 0 –p opening angle in the center-of-mass frame θπcm
0 −p . Black crosses
represent experimental points. Solid and dotted lines show simulation of signal
and background reactions, respectively. Vertical dashed lines indicate the applied
selection cuts.

An additional cut, which was used to improve selection of events from
the pd → (3 He–η)bound → pdπ 0 reaction, was applied in the deuteron scattering angle spectrum in the laboratory frame corresponding to the region
of geometrical acceptance of the Forward Detector (3◦ –18◦ ) as it is shown
in the left panel of Fig. 4.

Fig. 4. Left panel: deuteron scatering angle in the laboratory frame. Black crosses
represent experimental points. Solid and dotted lines show simulation of signal
and background reactions, respectively. Vertical dashed lines indicate the applied
selection cuts. Right panel: the missing mass spectrum for pd → pXπ 0 reaction.
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Knowing four momenta of proton beam (Ebeam , p~beam ), deuteron target (Etarged = mdeuteron , p~targed = 0), outgoing proton (Ep , p~p ) and gamma
quanta (Eγ1 , p~γ1 ), (Eγ2 , p~γ2 ), and employing the principle of momentum and
energy conservation, we calculated the missing mass according to formula (1)
 2
1 h
2 2
mx = Ex − ( p~x )
= (Ebeam + Etarged − Ep − Eγ1 − Eγ2 )2
i1
2
− ( p~beam + p~targed − p~p − p~γ1 − p~γ2 )2 .
(1)
The missing mass spectrum is shown in the right panel of Fig. 4.
Monte Carlo simulations of the pd → (3 He–η)bound → pdπ 0 process
allows to determine acceptance and efficiency as a function of the excess
energy. Obtained geometrical acceptance is equal to about 30%, while the
full efficiency including all cuts applied in the analysis is equal to about 7%
(see the left panel of Fig. 5).
In order to calculate the integrated luminosity for each excess energy
interval, we used quasi-free pd → ppnspectator reaction [31]. Total integrated
luminosity is equal to L = (2295 ± 3stat ± 91syst ) nb−1 and is presented in
the left panel of Fig. 5.

Fig. 5. Left panel: efficiency for the pd → pdπ 0 reaction as a function of excess
energy Q and integrated luminosity calculated for the experimental data for the
quasi-free pd → ppnspectator reaction. Right panel: excitation function for the
pd → pdπ 0 process after applying selection criteria described in the text.

3. Preliminary results
Excitation function is obtained by normalizing the events selected in
individual excess energy intervals by the integrated luminosity and efficiency.
Example spectrum is presented in the right panel of Fig. 5. The preliminary
excitation function does not show the structure which could be interpreted
as a signal of the (3 He–η)bound system.
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In order to determine an upper limit of the total cross section for formation of the 3 He–η bound state and its decay in the pd → pdπ 0 channel,
we performed the fit with second order polynomial describing background
and the Breit–Wigner function which can account for the signal from the
(3 He–η)bound system. The solid line in the right panel of Fig. 5 shows a fit
with a sum of second order polynomial and a Breit–Wigner function. Binding energy Bs and width Γ are fixed and equal to −30 MeV and 40 MeV,
respectively.
The fit was carried out for different values of Bs ∈ (−40, 0) MeV and
Γ ∈ (5, 50) MeV.
The obtained upper limit as a function of the Bs and Γ is presented
in Fig. 6. The upper limit value varies between 18 to 33 nb and depends
mainly on the width of the bound state, while it is not sensitive to the
binding energy.

Fig. 6. Upper limit of the total cross section as a function of different Bs and Γ .

4. Outlook
In 2014, we performed a search for the η-mesic helium in proton–deuteron
collisions with the WASA-at-COSY detector. The preliminary excitation
function, determined for the pd → pdπ 0 reaction, does not reveal a narrow
structure which could be interpreted as a signature of the mesic nucleus.
The preliminary upper limit of the total cross sections for the bound state
production and decay in this process was calculated and is equal to 18–33 nb.
The analysis of the pd → ppnπ 0 and pd → pppπ − channels is in progress.
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