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The tagged quasi-free np — npsr *7r ~ reaction has been studied experimentally with the High Acceptance
Di-Electron Spectrometer (HADES) at GSI at a deuteron incident beam energy of 1.25 GeV/nucleon
(/s ~ 2.42 GeV/c for the quasi-free collision). For the first time, differential distributions of solid
statistics for 7w 7~ production in np collisions have been collected in the region corresponding to the
large transverse momenta of the secondary particles. The invariant mass and angular distributions for the

np — npmt T~ reaction are compared with different models. This comparison confirms the dominance of
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the t-channel with AA contribution. It also validates the changes previously introduced in the Valencia
model to describe two-pion production data in other isospin channels, although some deviations are
observed, especially for the 77~ invariant mass spectrum. The extracted total cross section is also in
much better agreement with this model. Our new measurement puts useful constraints for the existence

of the conjectured dibaryon resonance at mass M ~ 2.38 GeV and with width I" ~ 70 MeV.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The two-pion production in nucleon-nucleon (NN) collisions is
a rich source of information about the baryon excitation spectrum
and the baryon-baryon interactions. In addition to the excitation
of a resonance decaying into two pions, which can also be studied
in the #N - 7N [1] and YN — N [2] reactions, the simul-
taneous excitation of two baryons can be investigated in the NN
reactions. By giving access to single and double baryon excitation
processes, which both play an important role in the NN dynamics
in the few GeV energy range and contribute significantly to meson
and dilepton production, the two-pion production appears as a key
process towards a better understanding of hadronic processes. In
comparison to the one-pion decay mode, it presents a different se-
lectivity with respect to the various resonances. In particular, the
excitation of baryonic resonances coupled to the p meson can be
studied with the two pions in the isospin 1 channel. This is of
utmost interest for a better understanding of the dilepton produc-
tion in nucleon-nucleon reactions, where these couplings manifest
clearly [3-5], and also in nucleon matter due to the expected mod-
ifications of the p meson spectral functions [6]. Finally, the com-
parison of two-pion production in pp and np channels could shed
some light on the origin of the surprisingly large isospin depen-
dence of the dilepton emission observed by the HADES experiment
[7]. In particular, the p production mechanism via AA final state
interaction, which does not contribute in the pp channel, was re-
cently proposed as an explanation for the different dilepton yield
measured in pp and pn channels [8]. It is therefore important to
check the description of the double A process in the two-pion pro-
duction channels.

Additionally, following the intriguing results obtained by the
WASA Collaboration in the double pionic fusion reactions, a re-
newed interest on the study of the two-pion production in NN
collisions was sparked, in order to check the possible contribution
of a dibaryon resonance [9,10].

The answer to all these open questions requires systematic
two-pion production measurements both in proton-proton and
neutron-proton collisions. Concerning proton-proton collisions,
a significant amount of data has been accumulated for various
two-pion final channels in bubble chamber experiments [11-23]
for proton incident energies from the threshold up to 2.85 GeV.
Precise differential cross-sections have also been obtained recently
at CELSIUS and COSY up to 1.4 GeV [24-34], with an emphasis
on the 7%79 production. The data base for the pn reaction from
the bubble chamber experiments is even more scarce [14,18,19,21,
35]. Very recently, however, precise measurements of total and dif-
ferential cross sections for the np — ppmw—7° and np — npr 70

became available from WASA at COSY at neutron energies from
1.075 to 1.36 GeV [36,37]. In the np — npr Tz~ channel, differ-
ential cross-sections are also known from Dubna measurements
[38,39], covering the beam incident energy range from 0.624 to
4.346 GeV.

Since the chiral perturbation theory calculations for two-pion
production in NN collisions are available only near threshold
[40], several phenomenological models have been suggested for
the analysis of the double pion production in NN collisions in
the GeV energy range. The first theoretical developments related
to the two-pion production were based on the one-pion exchange
(OPE) model [41]. The reggeized m exchange model (OPER) [42,
43], which uses the partial wave analysis results for 7N elas-
tic scattering [44], constitutes its most recent and most elaborate
modification. Lagrangian models were also introduced. The Valen-
cia model by Alvarez-Ruso et al. [45] was first developed. It aimed
at a description of NN collisions at energies lower than 1.4 GeV and
included N(1440) and A(1232) excitations. The Cao et al. model
[46], developed after the publication of new data at COSY and CEL-
SIUS, has a larger range of applicability due to the inclusion of
resonances with mass up to 1.72 GeV. Both models qualitatively
reproduce the very fast increase of the cross section above thresh-
old in the different two-pion production channels and predict the
dominance of two processes above 1 GeV: the excitation of the
N(1440) resonance and subsequent decay into Aw or No and the
double A excitation.

However, both models [45,46] have failed to reproduce the
7970 spectra for the pp — ppm®mP reaction at beam energies
above 1.0 GeV [32,34], which motivated the development of the
so-called “modified Valencia model” [32], providing a much im-
proved description of these data. This new model has been used
by the WASA Collaboration for the interpretation of the double pi-
onic fusion reactions, after some additional changes to take into
account the deuteron formation. However, the observed resonant
behavior of the cross section of the pn — d%7? [9,10], associated
with a structure at low 7%70 invariant mass (the so-called ABC
effect) could not be explained by such an approach and were in-
terpreted as being due to a dibaryon resonance in the I = 0 NN
channel, with a mass of 2.37 GeV/c? and a width of 70 MeV. This
hypothesis was further supported by the isospin decomposition
of the pn — dmm reaction [47]. The latter provided a consistent
description of both I = 0 and I = 1 channels by taking into ac-
count the resonant contribution in addition to the conventional
t-channel processes described by the “modified Valencia model”.
Even more recently, the pn — ppm%m~ [36] reaction was also
consistently described with the same model. The accuracy of d*
resonance hypothesis is also supported by the SAID partial wave
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analysis based on new polarized fip scattering data. In this anal-
ysis a resonance pole in the 3D3-3G3 coupled partial waves at
(2380 + 10-i40 4= 5) MeV have been discovered [48,49].

Considering the impact that the discovery of a dibaryon res-
onance could have, this systematic study must be pursued. It is
indeed important to provide, possibly in independent experiments,
constraints for all possible channels of the pn reaction, where the
resonance is expected to contribute, in particular w7~ or 77 °
production with an unbound pn pair, but also for pp channels in
order to check unambiguously the consistent description of the
conventional processes.

The experiments with HADES [50] are particularly well suited
to answer such a request, since both pp and pn experiments were
studied in the relevant energy range. The good capacities of HADES
for hadron identification were already shown in the study of one-
pion and one-eta (measured by its three pion decay) production
channels [5,51] of the pp reaction at different energies. Beyond the
search for the dibaryon resonance, the study of the two-pion pro-
duction process by the HADES Collaboration is also motivated by
the connection with the dilepton production, as mentioned above.

As a first step in this program, we report here on the analy-
sis of the tagged quasi-free pn — pnzw 7~ reaction from exper-
iments using a deuteron beam of 1.25 GeV/nucleon and present
precise total and differential cross-sections. According to previous
estimates [14,18,19,21], this channel is dominated by the isospin-0
contributions, in which the resonance should reveal. In the present
analysis, the results were averaged over the available range of np
center-of-mass energies. Our strategy consists in comparing the
various differential spectra to three different models introduced
above: the OPER model, the modified Valencia and the Cao model
and check whether a description of the data is possible without
contribution from the dibaryon resonance. The sensitivity of our
data to the different mechanisms (double A(1232), N(1440) ex-
citation, as well as higher lying resonances) can be studied. The
total cross-section can be used for consistency checks of the differ-
ent analysis, in comparison to the already measured pn — dz 7~
cross-section, as discussed in [52,53].

Our paper is organized as follows: The experimental procedure
is described in Section 2. The features of the models used for the
description of the data are introduced in Section 3. We present
and discuss the experimental results and the comparison with the
models in Section 4 and draw conclusions in Section 5.

2. Experimental procedure

The experimental data have been obtained using HADES [50]
located at the GSI Helmholtzzentrum fiir Schwerionenforschung in
Darmstadt, Germany. HADES is a modern multi-purpose detector
currently operating in the region of kinetic beam energies of up
to 2 AGeV for nucleus-nucleus collisions. The detailed description
of the set-up can be found in [50], here we briefly summarize the
main features relevant for the present analysis.

HADES is divided into 6 identical sectors defined by the super-
conducting coils producing the toroidal geometry magnetic field.
The spectrometer has 85% of azimuthal acceptance and covers
polar angles from 18° to 85° measured relatively the beam di-
rection. Each sector of the spectrometer contains a Ring Imaging
Cherenkov detector (RICH) operating in the magnetic field-free re-
gion, 4 planes of the Multi-wire Drift Chambers (MDC) located
before and after the magnetic field region, two plastic scintillator
walls for the polar angles larger (TOF) and smaller (TOFINO) than
45°, respectively, and an electromagnetic cascade detector (Pre-
Shower) behind TOFINO for particle identification. A two-stage
trigger system is employed to select events within a predefined
charged particle multiplicity interval, as well as the electron can-

didates. The investigation of the quasi-free np reactions with the
deuteron beam is performed by using a Forward Wall (FW) scintil-
lator 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 dp 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 [7].

In the present experiment, the deuteron beam with intensity
up to 107 particles/s and 1.25 GeV/u of kinetic energy was di-
rected onto a 5 cm long liquid-hydrogen target of 1% interaction
probability. The analysis of the deuteron induced quasi-free np
reactions was based on the first-level triggered events, with the
required charged particle multiplicity of at least three in TOF and
TOFINO and a signal in the FW hodoscope. The information from
RICH, TOF/TOFINO and Pre-Shower detectors was used to select
and discriminate the hadrons against the leptons. The momentum
reconstruction was carried out by measuring the deflection angle
of the particle trajectories derived from the four hit positions in
the MDC planes (two before and two after the magnetic field zone)
using the Runge-Kutta algorithm [50]. The achieved momentum
resolution was 2-3% for protons and pions depending on their mo-
mentum and scattering angle.

Quasi-free np interactions have been selected by the detection
of the proton spectators with scattering angles <2° and momenta
between 1.7 GeV/c and 2.3 GeV/c reconstructed from the time-of-
flight measurement in FW. The latter window is centered on half
of the beam momentum and has a half width equals to three times
the width of the momentum resolution. The np — npmw 7~ chan-
nel selection was based on identification of three detected hadrons
where one of them has the negative momentum polarity. The par-
ticle identification was based on event hypotheses where any of
the three selected hadrons has been used as the reference parti-
cle. The reference particle time-of-flight was calculated using the
reconstructed momentum and trajectory length. The velocities of
the 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 [50]. The correlations between the
velocity and reconstructed momentum for all three particles were
taken into consideration to reject the wrong hypotheses. The cor-
relation between the energy losses in MDCs and momentum was
additionally applied for the final selection of the protons and 7 +.
Finally, the total number of selected events corresponding to the
np — nprr v~ channel was ~8 - 10°.

The normalization of the experimental yield has been per-
formed using the simultaneously measured quasi-elastic pp scat-
tering yield [54]. The selection of pp elastic events was based on
relations between the polar angles 6; and 6, and azimuthal angles
¢1 and ¢, of both protons due to the momentum conservation in
elastic scattering:

|1 — ¢2] = 180°, (1)

1
— (2)
Yim

tan#; - tan6, =

where ycy is the Lorentz factor of the center-of-mass (CM) system.
The elastic events were approximately selected by an elliptic cut in
the |¢1 — ¢2| vs. tanb; - tanHy) plane with semi axes corresponding
to 30 cut for each variable. The quasi-free pp elastic data mea-
sured by HADES in the angular range 46°-134° in the CM system
have been corrected for the efficiency and acceptance by using a
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Fig. 1. Squared missing mass distributions of the pm+m~ system for the np —
npm T~ reaction at 1.25 GeV. The experimental data are shown by the solid sym-
bols. The shaded area displays the phase-space distributions at 1.25 GeV, corrected
for the energy dependence of total cross section taken from [20].

Pluto [55,56] simulation which uses the data from [54] as an in-
put and takes into account the proton momentum distribution in
the deuteron and the dependence of the cross section on the pp
center of mass energy dependence of the cross section. The result-
ing factor taken to normalize the differential cross section has a
precision of about 4% at 1.25 GeV. The details of the normalization
procedure at 1.25 GeV are discussed in [57].

The purity of the np — npr T~ channel selection is demon-
strated by the squared missing mass distribution of pzr+ 7~ shown
as solid circles in Fig. 1, which peaks close to the neutron mass.
The shaded area displays the result of a simulation of the quasi-
free np — npw T~ reaction, where the neutron momentum dis-
tribution in the deuteron is taken into account using the Paris
potential [58] and the mw+7~ production in the n + p reaction
is treated using phase-distributions and considering a rise of the
cross section with the np center-of-mass energy according to [20].

The direct comparison of theoretical and efficiency corrected
experimental distributions has been performed inside the HADES
acceptance using dedicated filters, as will be shown in the follow-
ing. For this purpose, the acceptances and efficiencies for different
particles (i.e. pions and protons) were separately tabulated in ma-
trices as functions of the momentum, azimuthal and polar angles.
The acceptance matrices describe only the HADES fiducial volume
and can be applied as a filter to the events generated by the mod-
els. The matrix coefficients have been determined by means of full
GEANT simulations, with pions and protons processed through the
detector and reconstructed by tracking, particle identification and
selection algorithms with the same package as it was done for real
events. The acceptance of HADES for the np — npz 7~ reaction
is about 6% in comparison with the full phase-space. The resulting
detection and reconstruction efficiency is typically about 90% for
protons and pions. These efficiencies have a very smooth behavior
as a function of the different observables shown in the following.
Therefore, we only consider a global systematic uncertainty which
will affect the normalization of our data, but not the shape of the
spectra. This effect is partially taken into account by the normal-
ization to the elastic data, and we estimate the residual uncertainty
to 2%.

3. Model features

For the interpretation and discussion of our results in Section 4
below, we used the modified Valencia [33], the Cao [46] and OPER
models [43]. The Cao and modified Valencia models are effective
lagrangian models taking into account different resonant and non-
resonant graphs. The original Valencia model [45] includes only
N(1440) and A(1232) resonances while the Cao model consid-

ers all known baryonic resonances with mass up to 1.72 GeV,
neglecting the interferences between the different contributions,
included in the Valencia model. The practical differences in our
energy range are lower contributions for both A and N(1440)
by about 30% in the Valencia model, which are partially com-
pensated by constructive interferences. In comparison with the
original Valencia model, four main changes have been applied in
the “modified” Valencia model. First, the ratio R = I'(N(1440) —
A1)/ T'(N(1440) — No) of the branching ratios of the Roper res-
onance towards 2w N via A or No has been reduced from 4 in
the initial model to 1. The initial value corresponded to PDG [59]
estimates prior to 2012, and a new value was deduced from an
analysis of the w970 opening angle and invariant mass distribu-
tions obtained in the pp — ppm°m0 reaction below 900 MeV [30]
assuming the dominance of the Roper excitation. This new value is
also in agreement with a recent Partial Wave Analysis [60,61]. In
the meantime, the PDG limits for the ratio have also been changed
and are now between 1 and 3. This change seems therefore fully
consistent. The Cao model uses a value 2 for this ratio, hence favor-
ing N(1440) — Am by a factor 2 with respect to N(1440) — No
decay, while they have equal weights in the modified Valencia
model.

The second change is a readjustment of the N(1440) strength
in the modified Valencia model according to the isospin decom-
position of the two-pion production channels in the pp reaction
at different energies between 0.775 GeV and 1.36 GeV [31]. The
maximum reduction is obtained exactly for our incident energy of
1.25 GeV and amounts to a factor 2. This brings the N(1440) con-
tribution to be much smaller than the double A excitation in the
modified Valencia model and makes a significant difference with
the Cao model, where the N(1440) contribution corresponds to
about 40% of the total pn — pnz* 7~ cross section at an incident
energy of 1.25 GeV.

The third modification is driven by the shape of the m9mw
invariant mass distribution measured in pp — pp7%7° at an in-
cident energy larger than 1 GeV, where the double A mechanism
dominates [32]. It consists in a reduction by a factor 12, and a
change of the sign of the p exchange contribution in the A excita-
tion mechanism. The latter indeed induced a two-hump structure
in the 7%7? invariant mass distribution, which was not seen, nei-
ther in the data [32] nor in the Cao model which has a very small
p exchange contribution.

The fourth modification consists in the introduction of the
A(1600) — A(1232)7r contribution to improve the description of
the pp — nnwr T+ reaction. In this channel, the N* decay does
not contribute, and the cross section is larger by more than a fac-
tor 2 than expected for the double A(1232) contribution only.
The WASA Collaboration explained this feature by a large con-
tribution of A(1600) excitation, with a destructive interference
with the double A(1232) contribution. After introducing this new
contribution, the pp — nnwtw* cross section could be repro-
duced and the description of the differential spectra, especially
the 77~ opening angle and invariant mass distributions mea-
sured for this channel at 1.1 GeV [33], improved significantly. The
A(1600) — A(1232)m process was implemented in a similar way
as A(1232) — A(1232)m, which was already taken into account
in the Valencia model. However, such a large contribution of the
A(1600) resonance at such low energies is surprising. In the Cao
model, it is taken into account, but starts to contribute significantly
to the pp — nnm+x reaction for energies larger than 1.6 GeV. It
has to be noted that, while the original Valencia model underes-
timates the pp — nnw ™7™ cross section by more than a factor 2,
the Cao model provides good predictions for both total cross sec-
tions and differential spectra [46]. This is related to the larger dou-
ble A contribution in this model. However, such a large double A

0
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Table 1
Main contributions in the Cao [46], “modified Valencia” [32] and OPER [43] models
for the np — npmr* 7~ for a neutron incident energy of 1.25 GeV.

Cao mod. Valencia OPER
A(1232)A(1232) 47.0% 60% 38.0%
N(1440) — A(1232)7 23.0% 2.1% 4.5%
N(1440) — No 20.0% 8.2% 0.2%
A(1600) — A(1232)7 3.0% 21.0% 4.5%

contribution leads to a significant overestimate of the pp — ppn®
70 cross section. In both models, the nucleon pole terms are found
to be very small, although they have a much larger relative contri-
bution in the pp — nnrt 7+ than in other channels.

As mentioned in the introduction, the OPER model is based on
a Reggeized m-exchange model and uses on-shell amplitudes of
the elastic t N scattering and of the inelastic 7 N — st N reaction,
with form factors and propagators taking into account the off-
shellness of the exchanged pion. The elastic amplitudes are taken
from a Partial Wave Analysis and the inelastic ones are deduced
from a parametrization obtained in the framework of the General-
ized Isobar Model [38,62]. This model provided a good description
of differential spectra measured at Dubna in the np — nprtm~
reaction at 5.2 GeV/c and in pp — ppmw T~ at 7.23 GeV/c [38].
The One-Baryon Exchange (OBE) diagrams were introduced, as de-
scribed in [38], to improve the description of the np — nprtm~
spectra below 3 GeV/c. Such diagrams correspond in Lagrangian
models to the “pre-emission contribution”. Very recently, the con-
tribution of the so-called “hanged” diagrams, due to the two-pion
production from the exchange pion line, was also considered. For
this, amplitudes for mwm scattering were used. This addition was
shown to improve the description of the 77 invariant mass spec-
tra in the low mass region [43]. Such graphs are taken into account
in the Valencia model, but are neglected in the Cao model. Table 1
displays the main resonant contributions in the three models at
an incident neutron energy of 1.25 GeV, disregarding the contribu-
tion via interference terms. This makes a big difference with the
OPER model, where the OBE diagrams, where at least one pion
is not emitted by a resonance, amount to 41% of the total yield.
Although these numbers do not take into account interference ef-
fects, they already point to major differences between the models
which will be investigated further when comparing to our data.

To take into account the momentum distribution of the neutron
inside the deuteron, the Paris [58] deuteron wave functions has
been used for the phase-space calculation, the Hulthen [63] wave
function for modified Valencia [33] and CD-Bonn [64]| for OPER
[43] and Cao [46] models. No significant difference is expected
from these different inputs. As mentioned in the previous section,
events have been generated according to distributions from these
models and filtered by the HADES acceptance.

4. Experimental results and comparison with models

We first concentrate on the comparison of the shapes of the
theoretical and experimental distributions and will discuss the
cross sections at the end of this section. The invariant mass and
angular distributions for the np — np 7~ reaction at 1.25 GeV
measured inside the HADES acceptance and corrected for the re-
construction efficiency are presented by solid circles in Figs. 2-3
and 4-5 respectively. Only statistical errors are shown. As ex-
plained above, the global uncertainty taking into account both nor-
malization and efficiency correction is of the order of 5%, with no
significant dependence on the different observables.

The predictions from the modified Valencia [33], Cao [46] and
OPER models [43] have been normalized therefore to the total ex-
perimental yield and are presented as long-dashed, dashed and
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solid lines, respectively, in Figs. 2 and 4. The hatched areas cor-
respond to phase-space distributions obtained in the same way. In
addition, the different contributions in the OPER and modified Va-
lencia models are shown in Figs. 3 and 5 in comparison to selected
experimental distributions exhibited in Figs. 2 and 4.
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4.1. Invariant mass distributions

The experimental p~, pr+ and pzr 7~ invariant mass dis-
tributions (panels b), ¢) and d) in Fig. 2) are all shifted to higher
masses in comparison with the phase-space calculations. In par-
ticular, the invariant mass distribution of the pm™ subsystem
(panel c) in Fig. 2) shows a pronounced resonant behavior with a
position of the maximum in the experimental distribution roughly
corresponding to the A™* mass. This distribution is well described
by the different models and deviates significantly from the phase

space distribution. Such a resonant behavior of the psr* invariant
mass distribution is expected for the double A excitation pro-
cess, since the isospin factors favor the excitation of the ATTA~
contribution with respect to the ATA? by a weight of 8/5. A reso-
nance in the pzr system is also expected for the N(1440)* decay
into ATt ~, but with a “smearing” due to the excitation of the
N(1440)° and subsequent decay into A~z * which has the same
probability. In addition, the dominance with respect to the other
isospin channels is also lower than in the case of the double A
excitation. The situation is similar for the A(1600) case, with an
even lower relative weight for the decay involving the A(1232)*+
excitation. These statements are confirmed by the behavior of the
N(1440) and A(1600) contributions which are displayed in Fig. 3d
below in the case of the modified Valencia model. The overall
contribution of the double A excitation is larger in the modified
Valencia model than in the Cao model. This is probably the rea-
son why the latter presents a slightly broader p7* invariant mass
distribution. Surprisingly, the pm* invariant mass of the double
A(1232) contribution in the OPER model is slightly broader than
in the Valencia model, as can be seen in Fig. 3c. The global dis-
tribution which is further broadened by the OBE contributions, is
similar to the one in the Cao model with an additional shift to
higher energies (see Fig. 2b).

The deviations from phase-space distributions are less spectac-
ular for the pr~ and pzr+ 7~ invariant mass distributions (panels
b) and d) in Fig. 2). No clear resonance behavior is indeed expected
for the pm— system, since the A(1232)° is disfavored by isospin
with respect to A** in all channels (double A, N — A(1232)7w,
and the A(1600) — A(1232)7). This also holds for the prtz~
system, due to the strong double A contribution. In addition, the
N(1440)° excitation, which is as probable as the N(1440)%, is fa-
vored by acceptance. This can be checked in Figs. 3c and 3d, where
the N(1440) contributions are indeed shifted to low pm ™7~ in-
variant mass. For the A(1600) excitation, the positive charge state,
decaying into pm T ~, is favored by acceptance. This is probably
the reason why the pz*z~ invariant mass distribution for this
contribution is shifted in the models to the high-mass part of the
available phase space. The OPER and Cao models give similar pre-
dictions for the p~ and pw T~ observables and achieve a rea-
sonable description of the pzr~ but predict a too narrow prtm~
invariant mass distribution. In the case of the Valencia model, both
the pr~ and pm 7~ are overestimated on the high energy side.
This points to a too large A(1600) contribution, as will be dis-
cussed below in some details.

The three models present the largest deviations for the 7+~
invariant mass distribution. The sensitivity of this distribution to
the two-pion production mechanism in NN — NN reactions has
already been demonstrated in previous work [46,30,32,34]. In fact,
the puzzling enhancement observed in the low-energy part of the
invariant mass spectra of two pions produced in pn or pd fusion
reaction (the so-called ABC effect) was also a manifestation of this
sensitivity and triggered the onset of double A excitation mod-
els [65]. The OPER model is not too far from the data, but has
a slightly too flat shape, while the Cao and Valencia models fail
strongly to describe the shape of this distribution. The double-
hump structure which can be seen in the predictions of the Cao
model is completely absent in our data. A very similar trend was
already observed for the comparison of the Cao model predictions
to the spectra measured in the pp — pprtmw~ and pp — ppa°n0
reactions above 1.1 GeV [46]. Since this double-hump structure
is due to the N(1440) — Am process, these results indicate that
this contribution is too large in the Cao model. The OPER model
gives the best description of the low mass part of this distribu-
tion, which seems to be mainly due to the addition of the OBE
and “hanged” diagrams. However, the double A contribution is also
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much broader than in the case of the modified Valencia model (see
Fig. 3a and b). In the modified Valencia model, the excess in the re-
gion above 350 MeV/c? is due to both the A(1600) and the Roper
contributions and their interference with the double A(1232) con-
tribution. In particular, the interference between the Roper and
double A(1232) contribution is small in overall, but has a signifi-
cant constructive effect of the level of 10-15% in this region. Our
data would be better described by a change of sign of this inter-
ference together with a reduction of the A(1600) contribution.

4.2. Angular distributions

Fig. 4 exhibits the angular distributions for the np — npr¥7~
reaction at 1.25 GeV. Panels a), b), c), d) and e), f) correspond
to the distributions of the opening angle of 7+7~, polar angles
of pt~, pr™, prTm~ subsystems in the np CM system and po-
lar angles of 7~ and 7 in the p7~ and pm ™ Gottfried-Jackson
frames, respectively. The CM frame was defined assuming the neu-
tron at rest in the deuteron and the angles in the Gottfried-Jackson
frame are defined with respect to the beam direction.

The excess of the measured yields at small 7777~ opening an-
gles (cos agf‘fﬂ, ~ 1) with respect to the predictions of all models
observed in Fig. 4 reflects the enhancement at small w7~ in-
variant mass which was observed in Fig. 2a. Both variables are
indeed strongly correlated. The large asymmetry of the distribu-
tion in the case of the Cao model and its steep peaking for back
to back w7~ emission (cos (Sg’fr = —1) are related to the high-
mass structure in Fig. 2a, which, as already mentioned, is due to
the N(1440) — A(1232)mr decay. As explained in [30], this effect
is produced by the double p-wave decay which gives an amplitude
with a cos? s _ behavior. For the other models, the backward
peaking is consistent with the data. It can be checked in Fig. 5a
and b that the distributions are rather smooth for all contributions.
In the case of the modified Valencia model, the roughly sym-
metric distribution results from the opposite trends of the double
A(1232) and A(1600) which have yields respectively forward and
backward peaked in the HADES acceptance. For the OPER model,
the anisotropy is mainly due to the OBE terms, all other con-
tributions being very flat. Since the N(1440) contribution in the
OPER model is dominated by the Am decay, we were expecting
a larger anisotropy, following the arguments given above. In the
case of the modified Valencia model, the N(1440) — A(1232)w
decay is suppressed with respect to the o N decay (see Table 1). It
is therefore not surprising that the N(1440) contribution does not
present a strong anisotropy. The difference of the shapes of the
cos (Sg"f .~ distributions obtained for the double A contributions in
the modified Valencia and OPER models is consistent with the al-
ready mentioned different behavior of the 7+ 7~ invariant masses
(Fig. 5a and b).

The 95% s 957’5’, and 057% angular distributions shown in
panels b) and c) and d) in Fig. 4, respectively, present a signif-
icant forward/backward asymmetry. This asymmetry reflects the
fact that protons are emitted preferentially backward in the CM,
which is mainly due to the strong AT A~ contribution. This pro-
cess is more likely for small four-momentum transfers between the
target proton and the A™" and the beam neutron and the A~ re-
spectively, hence the peaking of the protons at backward angles.
Such a strong asymmetry is not present for the other contribu-
tions. However, the effect is also enhanced by the acceptance, as
demonstrated by the distribution of the pure phase space. Due
to the lacking detection capabilities for laboratory polar angles
lower than 18°, the detection of the proton is indeed more likely
at backward center-of-mass angles. The Cao model gives the best
overall description of the three distributions. The modified Valen-
cia model is also doing rather well, however forward/backward

asymmetry is smaller than in experimental data. A much worse
description of the slopes of 05}% e 957";’, and 95}% is obtained in
OPER model. As shown in Figs. 5c¢ and 5d, the double A contribu-
tion is much more strongly backward peaked than in the modified
Valencia model. However, the OBE and “hanged” contributions,
which are not displayed in the picture, are also responsible for
the too steep total angular distribution. One of the possible rea-
sons of such a deviation can be the omission of the interference
between the “hanged” and other diagrams [43]. The striking dif-
ference with the double A contribution in the modified Valencia
model is probably due to the much lower cut-off parameters in the
vertex form factors which induce a much steeper four-momentum
transfer dependence. Worth to note is the strong difference be-
tween the 957% and 9%’, distributions, in contrast with the phase
space distribution, which allows to appreciate the small effect of
the different 7 and 7~ acceptances. Again, the modified Valencia
model gives the best simultaneous estimate of these distributions,
which we take as a hint that this model correctly describes the
different isospin configurations of the two-pion production mech-
anisms. It can also be noted that, similarly to the 77+ 7~ invariant
mass distributions, the description of the 657% distribution could

be improved by a reduction of the A(1600) contribution. The dis-
- +
tributions of the pion angles 9;;7,1 (G]) and QJI;Z (GJ) are shown in

panels e) and f) in Fig. 4, respectively. The quantity 9}’ denotes the
angle between the thee-momentum of particle j and the direc-
tion of the beam in the center-of-mass of particles i and j, taken
relatively to the direction of the beam particle in this reference
frame. These distributions also present striking differences for 7+

and 7. It can be noted that the 9?" (GJ) distribution is very well
reproduced, especially by the OPER and modified Valencia model,
while none of the models predict the observed enhancement for

backward 9§Z+(G]).

To summarize the analysis of these distributions, the Valencia
model provides a much better description than the Cao model. Our
analysis therefore validates the changes introduced by the WASA
Collaboration in the original Valencia model, except perhaps for
the A(1600) contribution, which seems to be too large. The OPER
model, which is based on a very different approach, gives also a
good description of the data. In particular, it fits better the 77~
invariant masses than the modified Valencia model. However, the
predictions are worse for the CM angular distributions of the pm ™+,
pr~ and prt 7w~ subsystems.

4.3. Absolute cross sections

We come now to the discussions of the absolute yields. The
measured differential cross section integrated over the HADES ac-
ceptance is 34.9 £ 1.5 ub. The model [46] and [43] predictions,
respectively 72.4 and 86 pb are larger by a factor more than 2,
while the modified Valencia model [33] is in better agreement,
with a cross section of 26.4 ub, i.e., about 30% lower than the
experimental value. Acceptance corrections were calculated using
the modified Valencia model [33] and OPER model which give a
reasonable description of the differential distributions, as shown
in Figs. 2-5. In practice, eight different differential spectra, corre-
sponding to the distributions in My+y-, Mpz+, Mpr—, Mpgtz-,
COSSC,I:/L”—' cosg’;’rﬂﬂ,, cos@lfj"f”+ and cos@lf]"f”, (Figs. 2 and 4 a-d)
were corrected for acceptance using both models. The differences
between the integrated yields obtained for these different distribu-
tions were used to determine the systematic errors. Following this
procedure, we obtain for the total cross section 0.65=+0.03 mb us-
ing the modified Valencia model and 0.795 + 0.040 mb using the
OPER model. Our final estimate, taking into account these two val-



G. Agakishiev et al. / Physics Letters B 750 (2015) 184-193 191

—~ 35
-g [ * Cambridge 1969 [14] Bystricky [20]
° i O Gatchina 1982 [18]  -='=:='- modif. Valencia [33]
[ A Gatchina1983[19] — ' — Albaladejo [49]
[ & Dubna1986[35]  ~~~~° modif. Valencia
25— ubna 133] + Albaladejo
[ O KEK 2000 [21]
i @ this work
15
1=
0.5

06 0.7 08 0.9”1 11 12 13 14 15
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resonance contributions.

ues is 0 = 0.722 £ 0.108 mb. This cross section is averaged over
neutron energies accessible in the quasi-free np — npzr 7~ reac-
tion at a deuteron beam energy of 1.25 GeV/nucleon. According to
the fit of the missing mass (Fig. 1), taking into account the neutron
energy and momentum distribution in the deuteron, the average
neutron energy for this measurement is 1.273 £ 0.063 GeV. Our
data point is shown together with the world data in Fig. 6. In con-
trast to previous plots which can be found in the literature, we
take into account the spread of the neutron momentum in the dif-
ferent measurements. The Cao model overestimates our point by
a factor 2.4, with a prediction of 1.730 mb, which confirms that
this model does not reproduce satisfactorily the np — npz+mz~
reaction in our energy range. The OPER model does not provide
cross sections and was normalized to the “Bistricky parametriza-
tion” [20] (shown as a black curve in Fig. 6), which resulted from
a simple interpolation between measurements over a wide energy
range up to 2.2 GeV. This parametrization largely overestimates the
NIMROD measurement [14], which was obtained at an incident en-
ergy higher by about 120 MeV than our experiment. On the other
hand, it provided a good prediction for the measurement at KEK
[21] which was obtained in the meantime. The latter is of special
interest for the present study, since it was obtained for an incident
energy only 70 MeV lower than our experiment. Our extrapolated
cross section is approximately a factor 2.6 lower than the “Bistricky
parametrization” that has a value of 1.88 mb at 1.25 GeV. This re-
sult is in contradiction with a smoothly increasing cross section as
a function of the incident energy. This, as we will see in the fol-
lowing, could be expected in the presence of a resonance at lower
energies. Our measurement is however hardly compatible with the
KEK data (0 =1.25 4+ 0.05 mb at T, = 1.17 GeV). A decrease of
a factor 2 in such a small energy range is indeed difficult to ex-
plain. On the other hand, the modified Valencia gives a prediction
of 590 pb, i.e. much closer to our value. This model also rea-
sonably reproduces not only the differential distributions for the
np — npw T~ channel, as shown in this paper, but also the to-
tal cross sections and differential distributions for pp — ppm%m©
[32] and pp — nnw T [33] channels measured by WASA below
1.4 GeV. However, this model does not describe satisfactorily the
general excitation function of the np — npsr 7~ reaction. The un-
derestimation of the data at higher energies might well be due to

the lack of higher lying resonances, such as N(1520) and N(1535)
in the model. However, another explanation has to be found for
the underestimation at lower energies.

In the hypothesis of a dibaryon resonance with a mass around
2.38 GeV, as claimed by the WASA Collaboration, a structure is
expected at a neutron energy around 1.13 GeV. Using the cross
sections for pn — d* — dmw 7~ extracted by the WASA Collab-
oration, Albaladejo et al. [53] have estimated the resonant cross
section for the np — npmr T~ channel, i.e., pn — d* — png 7~
(see dash-dotted curve in Fig. 6). They concluded on the difficulty
to reconcile the existing data with the resonance hypothesis, taking
into account the large non-resonant contribution which has nec-
essarily to be added. However, this conclusion is, to our opinion,
strongly biased by the KEK point which is already beyond the reso-
nance and favors a large non-resonant contribution. In this respect,
our measurement, which provides a much smaller contribution, is
in better agreement with the dibaryon resonance hypothesis. The
expected resonant contribution at our energy is about 0.2 mb, less
than one third of our measured cross section, and is compatible
with a non-resonant contribution of the order of 0.5 mb as pre-
dicted by the modified Valencia model. According to this model,
the non-resonant contribution at the peak of the resonance is only
of the order of 0.2 mb. The existing cross section measurements
in this region are therefore not inconsistent with a resonant cross-
section of about 0.7 mb, as deduced from the WASA result in the
pn — dmtm~ channel. To illustrate that, we show in Fig. 6 the
excitation function obtained by adding the dibaryon contribution
from [53] to the modified Valencia model prediction. Except for
the KEK point, the result describes within 20% the cross sections
obtained for incident energies between 1 and 1.3 GeV, which is
the energy range of the pp — ppn® 70 and pp — nnw*n+ data
used to adjust the modified Valencia model. In particular, it is in
perfect agreement with our measurement. The poorer description
outside this energy range could probably be reduced by further
adjustments of the Valencia model. No conclusion can however be
drawn from this very crude calculation, due to the unknown effect
of interferences between t-channel and s-channel processes. In ad-
dition, it would be necessary to include the decay of the resonance
into a pn pair with other quantum numbers than the deuteron. Ac-
cording to the analysis in [66], this contribution is estimated to be
of the order of 0.1 mb. The effect of the resonance contribution
on the differential distributions and in particular to the prtm~
invariant mass is also an open question. This can only be made
using a full model, including in a consistent way the t-channel pro-
cesses, based on the “modified Valencia” model and the resonant
s-channel although a phenomenological approach was presented
for the analysis of np — npm %z in [37].

4.4. Acceptance corrected distributions

In order to allow for a more direct comparison of our data to
differential cross sections for quasi-free np — npr 7~ [39] and
np — npr %7 [37] reactions measured in other experiments and
possibly facilitate the comparison to other potential models key
distributions have been corrected for acceptance. The correction
has been done by using modified Valencia [33] and OPER [43]
models. Fig. 7 presents the extrapolated distributions of 7+~ in-
variant mass and opening angle between pions in CM frame for
np — npt v~ reaction at 1.25 GeV. The errors on extrapolated
data take into account the difference between acceptance correc-
tion coefficients for modified Valencia [33] and OPER [43] models.
The predictions of the different models in 47 are also displayed
in Fig. 7 using the same normalization as for the comparison in-
side HADES acceptance (Figs. 2-5). The different yields therefore
illustrate the different acceptance correction factors. The same fea-
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tures as described in Section 4.1 and Section 4.2 for the results
inside acceptance can be observed for the results extrapolated in
47 . Indeed the OPER [43] and modified Valencia [33] models give
the best overall description of the shape of both distributions. The
OPER [43] and in a lesser extent the modified Valencia [33] models
give also good results for the 7+~ invariant mass and open-
ing angle distributions measured in the np — npr Tz~ at 1 and
1.5 GeV. The results obtained at the three energies allow to fol-
low the evolution of the mechanisms, characterized in particular
by the important role of non-resonant contributions at 1 GeV and
the dominance of double Delta excitation at 1.5 GeV. As for the
np — npm°m 0 reaction at 1.13 GeV [37], where a dominance of the
dx contribution is observed, the shape of the w7 invariant mass is
similar to our measurement, which confirms the rather low sensi-
tivity of this observable to the s-channel resonant contribution, as
stressed by the authors.

5. Conclusion

We have presented an analysis of high-statistics differential dis-
tributions obtained in the np — npmw+m~ reaction, using a deu-
terium beam at 1.25 GeV/nucleon and the HADES experimental
set-up at GSI. In this channel, in addition to t-channel processes,
mainly due to the Roper and double A(1232) excitations, the con-
tribution of a s-channel process, with an intermediate dibaryon, as
observed in the reaction pn — dz 7~ might be present. In this
paper, we focused on the compatibility of our data with models
including t-channel processes only. The experimental distributions
have therefore been compared with the predictions of two La-
grangian models, the Cao model [46] and the “modified Valencia”
model [33] and of the OPER model [43], based on one-pion and
one-baryon exchanges. This analysis demonstrates the high sensi-
tivity of the differential distributions to the different components
of the two-pion production mechanism. The modified Valencia
model gives a much better description of the shapes of the distri-
butions than the Cao model. This good result supports the changes
introduced by the WASA Collaboration to describe the total and
differential cross sections in pp — ppn°m® and pp — nnwtxt in
the same energy range, especially the reduction of the N(1440) —
A(1232)rr contribution. The double A contribution seems to be
rather well described by the model, which is important since this
process is expected to contribute to dilepton production in the
pn reaction [8]. However, some discrepancies are observed in our
channel, like a missing strength at small 77+~ invariant masses

and forward 6’5}% angles in the model. These discrepancies could

be probably reduced by further adjusting the A(1600) and Roper
contributions. However, such changes should also be validated by
an analysis of two-pion production in other isospin channels. The
OPER model gives also rather good results, except for the po-

lar angle of the pr* system in the np rest frame, with a lower
relative contribution of the double A(1232) contribution, and a
significant contribution of one-baryon exchange graphs. Both mod-
els have been used to calculate acceptance corrections, and obtain
an estimate of the total cross section of the np — npw+m~ re-
action at 1.25 GeV beam energy. This measurement is important
due to the scarce existing measurement in the relevant energy
range. The found rather low value of the cross section is not in-
consistent with a resonant structure at low energies, as expected in
presence of the dibaryon resonance, with mass M ~ 2.38 GeV and
width T ~ 70 MeV reported by the WASA Collaboration. However,
our measurement is hardly compatible with the measurement per-
formed at KEK at an incident neutron energy lower by 70 MeV.
The modified Valencia model, which has been now validated for
different channels, underestimates the total cross section in our
measurement by only 30%. Under the resonance peak, the under-
estimation of the data is much larger and is also compatible with
the resonant hypothesis. However, the present situation, both from
experimental and theoretical aspects, is not clear enough to draw
conclusions on the existence of the dibaryon resonance. On the ex-
perimental side, useful constraints in the present experiment could
be obtained from the extraction of cross section at different neu-
tron energies, the on-going analysis of the pp — pprt7~ and
pn — dnt~ channels with HADES will allow for specific tests
of the modified Valencia model and the dibaryon resonance con-
tribution, respectively. The experimental situation should therefore
further become clearer in a near future. On the theory side, we
would like to call for the development of a full model, including
in a consistent way the t-channel processes, based on the mod-
ified Valencia model and the s-channel processes including the
dibaryon with above quoted parameters, which could provide a
solid framework for the interpretation of the two-pion production
data.
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