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The results on double-pion production in tagged quasi-free np collisions at a deutron incident beam energy of 1.25 GeV/c measured with the High-Acceptance Di-Electron Spectrometer
(HADES) installed at GSI are presented. The specific acceptance of HADES allowed for the first
time to obtain high-precision data on π + π − and π − π 0 production in np collisions in a region
corresponding to large transverse momenta of the secondary particles. The obtained differential
cross section data provide strong constraints on the production mechanisms and on the various
baryon resonance contributions (∆∆, N(1440), N(1520), ∆(1600)). The invariant mass and angular distributions from the np → npπ + π − and np → ppπ − π 0 reactions are compared with different
theoretical model predictions.
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1. Introduction

2. Experiment
The experimental data have been obtained using the High Acceptance Di-Electron Spectrometer (HADES) [25] located at the GSI Helmholtzzentrum für Schwerionenforschung in Darmstadt,
2
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Double-pion production in nucleon-nucleon (NN) collisions presents the particular interest in
view of studying of the baryon excitation spectrum and the baryon-baryon interaction properties.
At present time the ππ production are considered as a key process towards a better understanding of hadronic interactions, because baryon excitation processes contribute significantly to meson
and dilepton production. In comparison with πN and γN interactions where the excitation of a
resonance decaying into two pions can also be studied, the NN reactions allow to investigate the
simultaneous excitation of two baryons. Two-pion production mode presents a different selectivity
with respect to the various resonances. In particular, with the two pions in the isospin 1 channel, the
excitation of baryonic resonances coupled to the ρ meson can be studied. It is of high interest for
a better understanding of the dilepton production in nucleon-nucleon reactions and also in nucleon
matter due to the expected modifications of the ρ meson spectral functions [1]. Finally, the comparison of two-pion production in pp and np channels could shed some light on the origin of the very
large isospin dependence of the dilepton emission observed by the HADES experiment [2]. A number of low statistic experiments on pion productions in NN interactions have been performed in the
past spanning the energy region from threshold to many GeV’s by using bubble chamber techniques
[3]-[4]. Recently, double-pion production in NN collisions has been accurately measured at CELSIUS [5, 6, 7], COSY [8, 9], KEK [10], and PNPI-Gatchina [11] facilities. The intriguing results,
obtained by the WASA collaboration [8, 9, 12, 13, 14, 15, 16, 17, 18] renewed the interest for the
study of the two-pion production in NN collisions, in order to check the possible contribution of a
dibaryon resonance [19, 20]. As results of many theoretical efforts several phenomenological models (Valencia [21], XuCao [22], modified Valencia[14] and OPER[23, 24]) have been suggested for
the analysis of the double pion production in NN collisions in the GeV energy range. These models differ a lot in number of resonances taken into account, the interaction mechanism and the role
of interference between different contributions. The effective Lagrangian models (Valencia [21],
XuCao [22] and modified Valencia [14]) predict that at energies near threshold the ππ production
is dominated by the excitation of one of the nucleons into the Roper resonance N ∗ (1440)P11 via
σ -exchange. At higher energies the double ∆(1232) excitation is expected to be the dominant reaction mechanism for ππ production. The OPER model [23] based on the exchange of reggeized π
have been successfully used to describe bubble chamber data[3] on np → npπ + π − reaction at the
momenta above 3 GeV/c. This model can be applied for description of np → npπ + π − reaction at
the momenta below 3 GeV/c by taking into account the mechanism of one baryon exchange(OBE).
New experimental data on double-pion production are needed to provide quantitative information on hadronic interactions, resonance excitations and resonance properties. In this work we
present high statistics invariant mass and angular distributions on π + π − and π − π 0 production in
quasi-free np collisions at an incident deuteron beam energy of 1.25 GeV/c obtained with the
HADES spectrometer.
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Germany. The HADES is a modern multi-purpose detector currently operating in the region of
kinetic beam energies of up to 2 A·GeV for nucleus-nucleus collisions. The schematic view of the
HADES spectrometer is presented in Fig. 1. The spectrometer which was primarily designed to
measure di-electrons, offers excellent hadron identification capabilities. Geometrically the spectrometer is divided into 6 identical sectors covering the full azimuthal angle and polar angles from
18◦ to 85◦ measured relative to the beam direction. Each sector of the spectrometer contains a Ring
Imaging Cerenkov detector (RICH) operating in a magnetic field-free region, inner multi-wire drift
chambers (MDCs) in front of the magnetic field, outer MDCs behind the magnetic field, TOF and
TOFino time-of-flight detectors and a electromagnetic cascade detector (Pre-Shower). The investigation of the quasi-free np- reactions with the deuteron beam is performed by using a Forward
Wall (FW) scintillator hodoscope by registering the spectator protons. The FW is an array which
consists of nearly 300 scintillating cells each 2.54 cm thick. During the d p- experiment the FW
was located 7 meters downstream the target covering polar angles from 0.33◦ up to 7.17◦ . A Monte
Carlo simulation for deuteron-proton breakup has shown that approximately 90% of all spectator
protons are within the FW acceptance [2]. While a detailed description of the setup can be found
in [25], we summarize here only the features relevant for the present analysis.
In the presented experiments the deuteron beam with intensities up to 107 particles/s and 1.25
GeV/c kinetic energy were directed to a 5 cm long liquid-hydrogen target of 1% interaction probability. The momenta of the produced particles were deduced from the hits in the four drift chamber
planes (two before and two after the magnetic field zone) using a Runge-Kutta algorithm [25].
The momentum resolution was 2-3% for protons and pions and 1-2% for electrons, depending on
momentum and angle [25]. The start signal for the time measurements was taken from the fastest
signal from the scintillator wall. To reconstruct the time-of-flight for each particle, a dedicated
3
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Figure 1: Cut through two sectors of the HADES spectrometer. The magnet coils are projected onto the cut
plane to visualize the toroidal magnetic field. A schematic view of the quasi-free n + p reaction is shown.
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3. Results

Figure 2: Distributions of the π + π − , pπ − , pπ + and pπ + π − invariant masses for the np → npπ + π − reaction
at 1.25 GeV are presented in a), b), c) and d) panels, respectively. e) - opening angle of π + π − in the np rest
frame, f), g), h) - polar angles of pπ − , pπ + , pπ + π − in the np rest frame, respectively. The experimental
data are shown with solid symbols. The theoretical predictions within HADES acceptance from Refs. [24],
[22], [16] are given by the solid, dashed and long-dashed lines, respectively. The shaded areas show the
phase-space distributions.
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method was developed [25], using the identification of one reference particle, the time-of-flight of
which can be calculated. The time-of-flight reconstruction algorithm was checked in a dedicated
experiment with a low beam intensity using a START detector [25]. The charge hadrons were
selected from leptons by using RICH detector, together with TOF/TOFINO and Pre-Shower detectors. Quasi-free np- interactions have been selected by the detection of the proton spectators
with the scattering angles ≤2◦ and the momenta between 1.7 GeV/c and 2.3 GeV/c reconstructed
from the time-of-flight measurement in FW. The selection of np → npπ + π − and np → ppπ − π 0
channels was based on identification of three detected hadrons where one of them has the negative
momentum polarity. The particle identification was based on the event hypotheses where any of
the three selected hadrons has been used as the reference particle. The reference particle time-offlight was calculated using its values of the reconstructed momentum and trajectory length. The
velocities of other two particles were then deduced, using only the time-of-flight difference with
the reference particle. The applicability of this time-of-flight reconstruction algorithm was checked
in a dedicated experiment with a low beam intensity by means of the START detector as discussed
in [25]. The correlations between the velocity and reconstructed momentum for all three particles
were taken into consideration to reject the wrong hypotheses. The addition criteria on squared
missing mass of ppπ − was applied in the case of selection the np → ppπ − π 0 channel to reject
np → ppπ − events.
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Figure 3: Distributions of the π − π 0 , ppπ − , pp and ppπ 0 invariant masses for the np → ppπ − π 0 reaction
at 1.25 GeV are presented in a), d), e) and f ) panels, respectively. b) - opening angle of π − π 0 in the np
rest frame, c) - polar angle of ppπ − in the np rest frame. The experimental data are shown with the solid
symbols. The theoretical predictions within HADES acceptance from Refs. [24], [17] are given by the solid
and long-dashed lines, respectively. The shaded areas show the phase-space distributions.
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The data on the differential cross section and angular distributions for the np → npπ + π − reaction at 1.25 GeV corrected for the reconstruction efficiency are presented by the solid circles in
Fig. 2. The data error bars include the statistical errors only. The normalization of the experimental yield has been performed using the simultaneously measured quasi-elastic pp- scattering yield
[26]. The experimental data are compared with OPER [24], modified Valencia [16] and Cao et al.
[22] models. The theoretical predictions of modified Valencia [16], Cao et al. [22] and OPER [24]
models inside HADES acceptance are presented in Fig. 2 and Fig. 3 by the long-dashed, dashed
and solid lines, respectively. All the calculations are normalized to the number of the events in
the experimental spectra. The shaded areas show the phase-space distributions. The calculations
[16] and [22] predict that the ππ production for the np → npπ + π − reaction at 1.25 GeV is mainly
caused by the ∆∆ excitation, while according to the OPER model [24] the ∆∆ and OBE gives
commensurable contributions. The comparison of experimental data with theoretical predictions in
Fig. 2 and Fig. 3 show that none of the models can describe all distributions, simultaneously. The
experimental pπ − , pπ + and pπ + π − invariant mass distributions demonstrate the resonant nature
of the spectra shifted to the higher masses in comparison with the phase-space calculations. The
most prominent resonance structure is observed for the pπ + subsystem, where the position of the
maximum in the experimental distribution roughly corresponds to the ∆++ mass. The theoretical
models [22, 16, 24] reproduce the shape and position of the maximum of the experimental Mpπ +
distribution. However, the modified Valencia model [16] do not describe the shape of the experimental Mpπ − and Mpπ + π − distributions and predict that the maxima of these spectra are shifted to
the larger masses, while the calculations by Cao et al. [22] and OPER model [24] reproduce these
spectra. The most significant difference between the obtained data and theoretical predictions
([16], [22]) is observed for the π + π − invariant mass distribution, where enhancement is present
at low Mπ + π − values. Similar enhancement has been observed earlier for the π 0 π 0 system in the
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