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Pion induced reactions provide unique opportunities for an unambiguous description of baryonic
resonances and their coupling channels by means of a partial wave analysis. Using the secondary
pion beam at SIS18, the two pion production in the second resonance region has been investigated to
unravel the role of the N(1520)%7 resonance in the intermediate p production. Results on exclusive
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channels with one pion (7~ p) and two pions (7"

0

7 n, 7T 7 p)in the final state measured in the 7~ —p

reaction at four different pion beam momenta (0.650, 0.685, 0.733, and 0.786 GeV /c) are presented.
The excitation function of the different partial waves and Am, No and Np isobar configurations is

obtained, using the Bonn-Gatchina partial wave analysis. The N(1520)3"

resonance is found to

dominate the Np final state with the branching ratio BR = 12.2 + 1.9%.

I. INTRODUCTION

Pion (7) scattering on a nucleon (N) is an ideal tool to
study baryon resonance production and their decays. In
such experiments, pion-nucleon resonances are excited at
a fixed mass, defined by the energy (/s ) of the 7N col-
lision system, and can be analysed via their decay prod-
ucts. The analysis of pion elastic scattering data taken in
the 1980s was the primary source of our understanding of
the nucleon excitation spectrum till the end of the 1990s
[1-4]. The results revealed too few states as compared to
the predictions of various quark models, leading to the
famed ”missing resonances” problem (for a review see
Ref. [5]). It motivated the next round of high precision
experiments conducted with electron and photon beams
to search for new states, particularly those which could be
missed due to a small pion-nucleon coupling. Indeed, sev-
eral new resonances have been established in photopro-
duction of various meson final states using the advantage
of polarization observables. The analysis of the new data
led to the observation of six new N* and A* states [6]
which were included in the Review of Particle Physics [7].
In contrast, the database for pion-induced reactions has
not been updated and is of much lesser precision though
it provides important information which is not directly
accessible from photoproduction reactions. For example,
the pion photoproduction data only give access to the
product of the photon helicity couplings and couplings
to the mN channel. Hence, the analysis of the elastic
7w N scattering allows to obtain directly information about
the w N branching ratios of the resonances and therefore
about their 7N couplings. The combined analysis of the
pion induced and photoproduction data defines both the
resonance helicity and pion-nucleon couplings. Moreover,
the analysis of the pion-nucleon collision data is notably
simpler than the analysis of the meson photoproduction
data. For the full reconstruction of the meson photo-
production amplitudes it is indeed necessary to measure
at least eight observables with a good precision and an-
gular coverage, while in the pion-induced experiments
three observables provide the complete database. Fur-
thermore, modern partial wave data analysis techniques
enable a combined multi-channel analysis which fully ex-
ploits unitarity constraints and allows to study subtle
particle correlations on an event-by-event basis.

Studies of two-pion final states are particularly impor-
tant because they contribute more than 50% to the to-
tal inelasticity. The most extensive analysis of the two-
pion production in pion-induced reactions was achieved
by Manley et al. ([8], with an update [9]) within the iso-
bar approximation. The analysis relied on 241214 bub-

ble chamber events collected before 1984 (without the
77 p — 797% channel), in the energy region /s =
1.32 — 1.93 GeV. The single energy solutions were ex-
tracted for 22 energy bins, providing branching ratios
to the pN, Am and oN final states for various N*/A
resonances in this mass range. Since then, only a few
experimental data have become available for the reac-
tion 77 p — 770 at /s =1.213-1.527 GeV [10] and
7Tp — whrTn at /s = 1.257 — 1.302 GeV [11] and
Vs = 2.060 GeV [12]. The vp — 27'p data were
measured by the A2 and CBELSA/TAPS collaborations
and analysed together with single meson photoproduc-
tion data, 7NN elastic data and 7 p — 77%n data in
[6, 13, [14]. These data provided results concerning cas-
cade decay transitions for the resonances with masses
above 1700 MeV. However, they could not provide any
information about the decay of the baryon resonances
into pN, which requires final states with charged pions.

Some results were obtained for the N(1520)2" and for

the N (1440)%+ from the analysis of two-pion production
in electron scattering experiments [15] pointing e.g. to
smaller branching ratios to the pN channels than that in
[9]. Tt should also be noted that the Particle Data Group
recently removed all the information concerning N* and
A’s branching ratios to the p/N channel from the Review
of Particle Physics [7]. Therefore, a precise determina-
tion of the pN couplings of excited baryons is clearly
lacking new high precision data for two-pion production
channels with charged pions in the exit channels in pion
induced reactions.

The resonance decay into two-pion final states with at
least one charged pion is particularly well suited for stud-
ies of the p meson-baryon coupling, because of its almost
100% decay branching into a pion pair. The studies of
the vector meson-baryon interaction is motivated by the
Vector Meson Dominance (VMD) model [16, [17], pre-
dicting the low- mass p/w/¢$ vector mesons (V) as medi-
ating fields in the hadron-photon interactions. The aim
of this model in the baryon sector is to provide a com-
prehensive description of both radiative resonance decays
R — Nv,Nv* — Ne(u)Te(n)” and mesonic R — NV
transitions, with the p-meson playing the most impor-
tant role due to its stronger coupling to baryons. It
provides a foundation for the description of low-mass
(My+;- < 1 GeV/c?) dilepton (I71~) production in ele-
mentary processes involving hadron decays in vacuum as
well as from dense and hot nuclear matter. In particular,
a successful description of the dilepton spectra measured
in heavy-ion collisions from RHIC to GSI/SIS18 (for a
recent paper, see [18]) calls for special attention. The re-
sults show that the virtual photon radiation from the hot



and dense zone of the collisions can be described by in-
termediate p—mesons with a strongly modified spectral
function. The interpretation relies on the microscopic
calculations of the in-medium p-meson spectral function
and application of VMD to hot and dense hadron gas
radiation. The computation of the p spectral function
includes interactions with mesons and baryons in the
fireball and reveals the leading role of the latter (for a
theory review, see [19]). The main effects are driven by
excitation of resonance-nucleon hole states induced by
the p-meson, with N*, A* resonances playing the main
role. In particular strong effects on the p spectral func-
tion for a small relative momentum of the meson w.r.t the
medium were extracted for S-wave N — p resonances like
N(1520)%_, A(162O)%Jr and A(l?OO)%_ [20, 21]. Al-
ternatively, more phenomenological approaches, assum-
ing two-step processes R — Np — NeTe™ and the me-
son collision broadening are used in the transport codes
GiBUU |22,123], UrQMD |[24], HSD [25] and SMASH |[26],
showing also the dominant role of the p meson in dilep-
ton emission. The calculations are constrained by results
on the resonance photo-excitation and the resonance de-
cays R — Np. More direct tests of the applicability of
VMD to the baryon resonance transitions into dileptons
require measurements of R — NITI™ and are currently
studied with the HADES detector (see [27-30]). Indeed,
it is not clear whether the formulation of VMD with a
baryon coupling to one meson (monopole approximation)
is valid or whether more refined approaches are required.
In [31], it is argued that the monopole formulation of the
VMD model with the couplings of the baryon resonances
deduced from the mesonic decays given in [, 9] tends to
overestimate the branchings for radiative decays. These
inconsistencies can be removed using various extensions
of VMD. For example, an additional direct coupling of
the resonances to photons [32] can be introduced, in com-
bination with a vanishing py coupling in the limit of real
photon which allows to fit radiative and mesonic decays
independently [33,134]. Interferences with higher excited
vector meson states also allow to solve this problem [35].

From the above-mentionned motivations, it is clear
that new experimental data on baryon resonance decays
into two-pion final states from pion-induced reactions are
urgently needed. The HADES experiment at GSI has
started a systematic investigation of baryon resonance
excitations with an energy scan in the second resonance
region, focusing on two types of reactions: (i) two-pion
(rt7~, 7% ) and (ii) dilepton production. The main
objective is understanding the role of vector mesons in
the baryon resonance transitions, and, in particular, in
the dilepton decay channels. The upcoming studies will
complement former results on A(1232) — pete and
higher mass resonance transitions obtained with proton-
proton reactions [27-30].

In this work, we present the results on the two-pion
production. The paper is organized as follows: Section
IT presents the details of the experimental set-up and the
characteristics of the secondary pion beam at GSI; Sec-

tion (IIT) describes the separation of events into the final
states with two pions 777, 7%7~, and elastic scattering
used for the normalization, acceptance corrections, and
a brief introduction to the Bonn-Gatchina Partial Wave
Analysis (PWA) framework, used for the data analysis.
Section IV presents the results, with the conclusions in
Section V.

II. EXPERIMENTAL TECHNIQUE

The High-Acceptance Di-Electron Spectrometer
(HADES) [36] is installed at GSI Darmstadt and
operates with primary proton-, ion-, and secondary
pion-beams. HADES has been optimized for electron
and positron detection but it provides excellent charged
hadron (p/K/x) identification capabilities, too. The
spectrometer consists of six identical sectors, separated
by coils of a superconducting toroidal magnet, centred
around the beam direction. It covers the full azimuthal
angle range, with the exception of the gaps between the
sectors, and a broad range of polar angles (18°-85°),
measured relative to the beam direction.
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FIG. 1. Pion beam momentum distributions measured with
the use of the in-beam tracking system CERBEROS. The dis-
tributions have been normalized to the area. The arrows indi-
cate the central values of pion beam momenta reconstructed
in the analysis, as indicated in the legend. For details see

Sec. [[ITAl

Each sector of the spectrometer is composed of a
hadron blind Ring-Imaging Cherenkov Detector (RICH),
two Multi-wire Drift Chambers (MDCs) placed in front
and two behind the region of the magnetic field, followed
by a Multiplicity Electron Trigger Array (META). The
latter consists of time-of-flight systems based on: (i) scin-
tillator rods (TOF) (with time resolution §¢ ~ 120ps)
for > 45°, and (ii) Resistive Plates Counters (RPC)
for @ < 45° (6t ~ 80 ps), associated with an electro-
magnetic Pre-Shower detector. Momentum measurement
of charged particles is achieved by track reconstruction



based on hits detected in the MDCs and the known con-
figuration of the magnetic field with a resolution of 1%
to 3% for pions and protons in the energy range of our
experiment.

In the experiment, pion projectiles were obtained from
a primary '*N beam provided by the SIS18 synchrotron
with an intensity of 0.8-1.0x10'! ions/spill impinging
on a beryllium (°Be) target |37, 38]. 7~ mesons were
transported to the HADES target, located 33 m down-
stream from the production target, within the beam line
equipped with 9 quadrupoles and two dipole magnets
set for negative particles [40]. The pion intensity of 10°
7~ /spill reached a maximum for a momentum p = 1.0
GeV/c and decreased by a factor 2 for the pion mo-
mentum range p = 0.65 — 0.8 GeV/c covered in this
experiment. Four settings of currents in the magnets,
corresponding to momenta for the particle on the opti-
cal axis of about 0.650,0.685,0.733, and 0.786 GeV/c,
were investigated in the measurement. The differential
transmission distribution of the pions as a function of the
momentum were obtained from dedicated transport cal-
culations and could be approximated by a Gaussian dis-
tribution with a typical width of o ~ 1.0%. Further im-
provement in the pion beam momentum resolution (down
to op = 0.3%) was achieved using the dedicated in-beam
tracking system CERBEROS (see Refs. [39, 40]). It was
built of silicon strip detectors arranged in two stations,
placed upstream of the HADES target: the first one close
to the dispersive plane of the beam line (~ 21m), and
the second one ~ 3m before the target, respectively. The
detectors provide (z,y) coordinates of pion hits, with a
precision given by the 780 pm pitch of the strips, which
are used to determine the pion beam momentum. In-
dependent measurements using a proton beam allowed
to verify the transport coefficients used in the beamline
calculations, as described in detail in Ref. [40]. The
resulting reconstructed momentum distributions of the
pion beam are shown in Fig. [l for the four settings with
indicated central values (for details see Sec. [[ITAl). Fake
track suppression for multi-hit events was achieved by re-
quiring strict correlations on hit positions and timing in
both tracking stations. The widths of these distributions
correspond to a momentum resolution dppeam =~ 1.7%
and is larger as compared to the result of simulations.
The difference is attributed to the vertical transport co-
efficients which could not be measured in the dedicated
experiment using proton beams (for details see [40]).

The in-beam detector system included also a seg-
mented START detector (about 14 x 14 mm?), made
of mono-crystalline diamond material, placed in front
of the HADES target. It provided a ty measurement
with 6t ~ 100 ps resolution and was used to monitor the
beam flux. 66% of all pions passing the START detec-
tor were hitting the target, according to detailed beam
transport calculations. A polyethylene target (CoHy),, of
4.6 cm length and 12 mm diameter, containing 4 x 10%
protons/cm? and 2 x 10%* C atoms/cm?, was used for the
reported measurements of the 7~ p reactions. To subtract

contributions from the 7~ C reactions, a segmented car-
bon target (7 sections with a width of 7.1 mm) of the
same length was utilized in separate runs. Details of the
pion beamline, the pion beam transport calculations and
the in-beam detectors can be found in [40].

The ty signal together with a multiplicity condition
M > 2 measured in the TOF detectors were used for
the data acquisition trigger. Since the beam halo at the
target position extended up to £60 mm in the vertical
and up to £25 mm in the horizontal direction, i.e well
beyond the target diameter (12 mm), the trigger reduced
the contribution of the off-target reactions. The remain-
ing background was suppressed in the analysis by a con-
dition demanding that the reconstructed primary vertex
must be localized within the target region. Admixtures of
electrons and muons from pion decays in the beam were
estimated by the beam transport simulations to 9.6% and
0.7%, for the p = 0.65 — 0.8 GeV/c momentum range, re-
spectively, in fair agreement with previous measurements
138].

IIT. DATA ANALYSIS

A. Extraction of 77 p elastic scattering,
7 p—nrTr and 7 p — pr_7’p signals

The particle identification (PID) for pions and pro-
tons in HADES is provided by conditions defined by
correlations between the velocity measured by TOF or
RPC detectors and the momentum reconstructed from
the track deflection in the magnetic field [36]. The re-
spective graphical cuts were adjusted using Monte Carlo
simulations in order to include ~ 99% of the signal for the
given particles. Furthermore, the misidentified particles
were eliminated by rigorous conditions on track corre-
lations following from reaction kinematics, as explained
below.

The 7~ p elastic scattering was selected demanding co-
planarity of the pion and the proton tracks (within £5°),
a condition on the polar emission angles of both tracks:
tanf,- - tanf, > 1 and a cut on the distribution of the
pion momentum pe s in the Center of Mass (CM) system
obtained from realistic simulations, as described below.
Finally, elastic scattering events were clearly visible in
the 7~ p missing mass (squared) distribution, as shown
in Fig. @l by the black histogram.

The identification of two charged pions (7t7~) or a
proton and a pion (p7~) in the final state allows for the
complete reconstruction of the kinematics of the exclu-
sive nmt7~ and pr~7° channels, respectively, via addi-
tional cuts in the respective missing mass distributions
around the position of the not detected neutron (Fig. [3]
left panel) or neutral pion (Fig. Bl right panel). In the
latter case, the background from elastic scattering was
effectively suppressed by veto on the elastic condition, as
defined above.

In order to obtain a pure sample of events for the
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FIG. 2. pm™ missing mass squared from the pion-proton sys-
tem at a beam momentum of 0.685 GeV/c after elastic scat-
tering selection. Black and red histograms present events from
the polyethylene target and contribution of pion reactions on
carbon nuclei in the polyethylene target, respectively. Their
difference (blue dashed area) corresponds to 7~ p reactions
(for details see text). Simulations of 7~ p elastic scattering
are shown by the magenta histogram.

above-mentioned exclusive channel analysis, contribu-
tions from the 7~ C reactions must be separated in the
sample of events collected with the polyethylene target.
Firstly, the relative contribution of the 7~ C reaction in
the polyethylene target was determined with a high pre-
cision by an iterative minimization procedure described
in details in this section. The input to the procedure
consists of: (i) the missing mass distributions of the 7~ p
and the 77~ systems, obtained from the measurements
with the polyethylene and the carbon targets, respec-
tively, taken with the same reference beam momentum;
(ii) the Monte Carlo simulations of the 7~ p elastic scat-
tering, and the two-pion (7+7~, 7~ 7°) production on the
proton target, within the HADES detector acceptance.
The simulated channels were reconstructed with the same
analysis flow as in the case of the experimental data. In
the Monte Carlo simulation, the beam momentum distri-
butions were taken according to the event-by-event pion
beam measurements provided by the CERBEROS track-
ing system (see Fig[l). However, the central values for
each pion beam momentum bin were treated as free pa-
rameters, fixed by a fit to the data, as described below.

In the first step, the distribution of the 7~ p missing
mass squared of events selected with the elastic con-
ditions and obtained with the polyethylene target was
fitted with the sum of the 77 p missing mass squared
measured with the carbon target and the Monte Carlo
simulations of the elastic reaction (7~ p — 7~ p). Their
relative contributions were treated as free parameters of
the fit. The minimization was performed by varying also
the tracking resolution and the central value of the beam

momentum. As a result, a very good description of the
elastic peak was achieved (see blue dashed and magenta
histograms in Fig. [2)), for ppeam = 0.685 GeV/c). The
contribution of reactions on carbon was also determined
for every pion beam momentum (red histogram in Fig.
[2), with an uncertainty of about 1%.

In the next step, the minimization procedure was re-
peated for the events corresponding to the two -pion pro-
duction channels with the 77p and 777~ missing mass
distributions (see Fig. ), starting with the parameters
from the first step. The relative normalization of yields
measured on the carbon target was modified only slightly,
but the central values of the beam were found to be more
sensitive to the expected positions of the 7 and the neu-
tron peaks (0.1349 and 0.9395 GeV/c?), respectively, as
compared to the missing mass peak for the elastic scatter-
ing. The determined central values of the beam momen-
tum are: 0.6501 +0.002 GeV/c, 0.6853 £0.0025 GeV/c,
0.7332 £0.003 GeV/c, and 0.786 +0.0035 GeV/c. The
errors are related to the uncertainties of the fitting proce-
dure to the aforementioned peak positions, and the vari-
ation of fit ranges. The obtained values are lower by
0.005 — 0.015 GeV/c than the reference values expected
from the magnet settings. Similar conclusions were de-
rived by the detailed studies of various kinematic con-
straints derived from elastic scattering only, as discussed
in detail in Ref. [40]. The reason of these discrepancies
are not uniquely identified but might be attributed to re-
manence effects or systematic shifts in the primary beam
position on the production target (see discussion in Sec.
4.4 in Ref. [40)).

Figure [ shows the missing mass distribution of the
7~ p (right panel) and the 7t~ (left panel) systems, as
obtained from the analysis of the data collected with the
polyethylene target, for the central pion beam momen-
tum p = 0.685 GeV/c. The total yield (black curves) is
separated into the contributions from pion reactions on
carbon (red curves) and on protons, within the polyethy-
lene target. The simulated distributions of the sub-
sequent production channels on the proton target are
shown by dotted (blue) curves. The magenta curves
show, for the sake of comparison, the respective distribu-
tions calculated for the pion beam momentum obtained
event-by-event from the CERBEROS pion tracker.

For the further analysis of kinematic correlations on
an event-by-event basis, the separation of 7~ p from 7~ C
events is necessary. This has been achieved by an event-
by-event matching of the carbon signal derived from the
polyethylene target (PE) with the events from the car-
bon target (C) by comparing the kinematical character-
istics by means of a x? test. The ensemble of events
corresponding to reactions on protons is then given as
the remaining events measured on the polyethylene tar-
get after subtraction of the carbon-like events found in
this procedure. The fraction of the carbon contribution
in all events collected with the polyethylene target was
fixed in this minimization procedure, as described above.

The events for the matching were grouped into several
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target, magenta dotted histogram - signal calculated based on information on momentum measured by the pion tracker. The
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of ne 7w~ and pr~7¥ events, respectively. The vertical magenta solid lines display a selection window for the signal calculated
with the pion tracker information (£0.02 GeV/c? around a neutron, and £0.03 GeV/c? around a neutral pion, respectively).

bins of similar missing mass values. The minimization
function F,,;, between tracks measured in reactions with
the PE target and the C target is defined as

xpe - x\*

,5,X J

where 4, j stand for all combinations of i-th event from
the polyethylene target with j-th event from the car-
bon target, X; are the values of the observables : mo-
mentum, polar and azimuthal angles of particles, invari-
ant masses, as well as angular observables in the helic-
ity and Gottfried-Jackson reference frames (for defini-
tion see Sec. [V B)), weighted with the empirical weights
w;. The consistency of the distributions of the observ-
ables built from the tagged carbon-like events from the
reactions with the PFE target and events from the reac-
tion with the C' target was carefully investigated for all
the observables taken into account. In Fig. B the miss-
ing mass distributions measured with the carbon target
and normalized following the minimization procedure de-
scribed above (red histograms, C' target) are compared
with the distributions for events from the polyethylene
target tagged in the matching procedure as correspond-
ing to interactions with carbon nuclei (green symbols,
carbon-like events from PFE target). The discrepancy be-
tween the signal yields obtained in both procedures was
used to estimate the systematic error of the subtraction
procedure, for every observable under consideration. It
was found that the distribution of relative errors obtained
from the investigated observables is similar to a normal
distribution, with a 1o width of 1%.

B. 77 p elastic scattering and data normalization

The analysis of the 7~ p elastic scattering events was
used to provide the normalization for the measured yields
for the four pion beam momentum settings, using exist-
ing information on the elastic scattering differential cross
sections.

Acceptance corrections for the measured elastic yields
were calculated using a simulation. Events were gen-
erated in the framework of the PLUTO event generator
[41] with an angular parametrization taken from Ref. [42]
and processed through the same analysis and reconstruc-
tion procedure as experimental hits. The distribution
of elastic scattering events from the Monte Carlo sim-
ulation agrees with the measured angular distributions
within the HADES acceptance reasonably well. This al-
lows to calculate a one-dimensional correction defined as
the ratio between simulated and reconstructed yields as
a function of the scattering angle in the CM frame. Af-
ter applying this correction, the elastic scattering angular
distribution was normalized to the average of world data
in the GS,M range of 59.5° — 110.5°. The data were se-
lected in the pion beam momentum window ép = +10
MeV/c centered around the central values given above.
The distributions obtained at the four pion beam mo-
menta are presented in Fig. [ together with the WI08
SAID solutions |44] and the world data. The SAID solu-
tion was averaged over HS,M bins of three degrees.

The shape of the distribution measured by HADES
at the highest pion beam momentum is in better agree-
ment with the new EPECUR data than with the for-
mer world data. Finally, the following cross sections
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FIG. 4. 7 p elastic-scattering cross section at four pion beam momenta 0.650, 0.685, 0.733 and 0.786 GeV/c. The EPECUR
data (blue dots) are available for the highest beam momentum only. The HADES data are presented together with the world
data and the current SAID solutions [44], as specified in the legend.

were chosen for the normalization agfdiz_llo'f’o : 3.60 £
0.07,3.94 £ 0.08,3.87 £ 0.13,3.16 & 0.02 mb for the four
beam momenta, respectively. The above cross sections
agree within the errors with the ones obtained from the
SAID solutions, except the cross section for p = 0.685
GeV/c which is 10% higher.

The systematic uncertainty of the normalization has
two main components. The first component of the
systematic uncertainty is related to the errors of the
world data, as given above. The second one, accounting
for the point-to-point variations of the HADES data, was
estimated with respect to the averaged world data cross
sections, using the following procedure. The differences
(A;) between the averaged cross section and the HADES
data were calculated for each scattering angle bin 4 and
weighted with the world data errors w; at this point:

The resulting systematic error AN; was established to be

about 1%, except p = 0.685 GeV/c where it was found
to be 4%. This uncertainty was compared to the one
obtained with an alternative method based on differences
between elastic scattering yields reconstructed in three
independent HADES sector pairs. The respective error
agrees with the former one, except for the lowest values
of Offw, outside the normalization region, where it was
found to be larger, i.e. 9% at 40° and decreasing to 2%
at 60°. The increase of the systematic error at smaller
scattering pion angles coincides with the strong decrease
in the acceptance for pion-proton pairs, with a cut-off
around S = 40°. The region between 40° and 60° was
therefore excluded from the normalization region.

The relative normalization by means of measured pion-
proton elastic scattering has also the advantage to reduce
systematic errors of the total cross sections related to the
estimate of the efficiencies of pion and proton track re-
constructions needed for corrections. To check the long
term stability of the measured yields, the ratio of the
number of 777~ pairs originating from the nrtr~ fi-
nal state to the number of 77 p pairs from elastic scat-
tering (Ny+ .- /Nelastic) has been analysed as a function
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elastic scattering presented for the whole measurement time.
The ratios were calculated for all four momenta (see legend),
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tering cross sections. The rise of the N i, /Neigstic as a
function of the pion beam momentum is due to the cross sec-
tion increase for the two-pion production (see text for details).
The numbers indicated in the panel refer to the total number
of collected events for each momentum under a given trigger
condition.

of time over the whole measurement period. In order
to correct for the known variation of the cross section
for the elastic scattering as a function of the beam mo-
mentum these ratios were multiplied by the respective
value of Uglga'i: ~10:5" " The result is shown in Fig. [l for
Dbeam = 0.650,0.685,0.733,0.786 GeV/c. The obtained
ratio is very stable in time, for a given beam momen-
tum. Plotted errors are statistical only, and are smallest
for pream = 0.690 GeV/c where the largest number of
events (given in the legend) was collected. The increase
of the ratio as a function of beam momentum is due to
the changes in the two-pion production cross sections,
discussed in more detail in Sec. [V.Cl The maximum de-
viations (2%) were observed for the pion beam momen-
tum of 0.685 GeV/c, and were used as systematic error
related to the two-pion reconstruction efficiency. On the
other hand, the ratio Nejgstic/NsTarr which was anal-
ysed in a similar way shows variations up to 15% which
do not allow for a precise estimate of the luminosity. It is
attributed to the variations of the intensity of secondary
particles, which is very sensitive to the position of the
primary beam on the production target. Therefore, the
relative normalization to the elastic scattering has been
chosen as a more accurate approach.

C. Partial Wave Analysis

The partial wave analysis of the present data is based
on the Bonn-Gatchina approach developed for the com-
bined analysis of the pion nucleon scattering and photo-
production. This is a covariant method which treats the
reactions with two particle and multi-particle final states
on a common basis.

The amplitude which describes the transition of the
pion-nucleon system with momenta ko and k; into the fi-
nal channel with a meson and a nucleon with momentum
q1 given in the CM frame can be written as:

A= alq) AT FL (NG, (K )ulk).
1J¢,

(2)
Here, IJ¢ are the isospin, the total angular momentum
(J =n+ 1/2) and naturality of the initial pion-nucleon
system, respectively. The tensor F1I"(p) is the prop-
agator of the initial 7N system with the momentum
p = k1 + k2. The tensor Nﬁl...un (k+) describes the pro-
duction vertex which is constructed from the y-matrices
and the orbital momentum tensors which depend on the
relative momentum of the initial particles orthogonal to
the momentum p:

1 1 Pubv
kt = §(kl_k2)ugi_y = 5(/€1—k2)u (guu_ ;2 ) -(3)

The naturality is connected with the orbital momentum
LasJ=L+ %5 , and technically is related to the pres-
ence of the 5 matrix in the tensor decomposition. The
explicit form of the tensors F' and N¢ is given in Ref.
[46]. The multi-index « describes the quantum numbers
of the final state configurations and includes isospin, spin
and naturality of the intermediate and final states.

In the case of a two-particle final state with a pseu-
doscalar meson and a J¥ = 1/2% baryon, the amplitude
A{YIJ .2 depends on the decay vertex which has the same

n
structure as the production one:

AlTE o = NE  (qM)Arse(s)Cr. (4)

Here C; is the isospin Clebsch-Gordan coefficient, ¢ is
the relative momentum of the final particles orthogonal
to the momentum p and the tensor N differs from the
tensor N by the order of the y-matrices. In this case, the
multi-index « is a dummy index and the partial wave
amplitude depends only on the total energy squared, s =
p°.
In the case of two pseudoscalar mesons and a baryon
in the final state, the amplitude can be decomposed into
the partial waves which describe the quasi two-particle
decay processes. Thus, the initial system decays into
one of the final particles (spectator) and an intermediate
quasi particle which in turn decays into two other final
particles. Therefore, the partial wave amplitudes depend
also on the quasi particle energy squared s;; = (¢; +q;)*.
If the spectator particle is the pion with momentum g,



the total amplitude has the form
AL o = G B (L, &1, a3 ) FL 4 (q1+gs)
XN;%...MM (Q%3)A?J5(Svsl3)cf71137 (5)

where C7 1,, is the corresponding Clebsch-Gordan coef-
ficient. The vertex Ggll;;;f: (L, &1, g5 ), which is the only
new tensor in this equation, describes the decay of the ini-
tial partial wave into a pion and an intermediate baryon
state with the spin Ji3 = m + % and naturality &. This
tensor is constructed from the orbital momentum tensors
and depends on the momentum of the spectator particle
orthogonal to the momentum of the initial system. As
before, the naturality corresponds to the number of the
~s-matrices in the tensor expression (see Ref. [46]).

The tensor which describes the production of a scalar
meson and the spectator nucleon has the following form:

ALTE o = NS (q3)Arse(s,512)Cr 1 (6)

This expression has a similar form as the single pion pro-
duction amplitude. However, due to the positive par-
ity of the scalar mesons, the naturality changes its sign
& = (—1)&. For the vector meson production this equa-
tion is modified as:

Ailjglya; = V;ZE...M” (qé)HﬁVAlILJg(Sa 512)q1l21/017112' (7)

Here, II,,, is the standard p-meson propagator; the ex-
plicit equation for the tensors V7 (q3°) which describe
the decay of the intermediate baryon into p-meson and
pion is given in [46].

The non-resonance contributions are described by the
t-channel exchange amplitudes taken in the Regezied
form:

exp(—ima v ()
A= () AN (L)

sin(ra(t)) v

Here, v = 1(s — u), a(t) is the Reggion trajectory, and
¢ is its signature. The vertices g1 and g2 include form

factors which we parameterize in the exponential form

g1(D)g2(t) = Ae™™, 9)

where A and b are fit parameters.

The partial wave amplitudes are parameterized in the
framework of the N/D-based approach described in de-
tail in Ref. [47]. This approach can be considered as the
solution of the Bethe-Salpeter equation with the kernel

N B B
9: 9;
Ky=2 3p=s
g=1"25

+ fij- (10)

The indices ij correspond to the scattering channels, and
the amplitudes are described as the sum of N resonant
terms and non-resonant contributions f;;. The quantities
gf are decay couplings related to the decay widths of
resonances I'g ;(Mpg) via the relation

(97)%p] (Mp ;) = MpTp,:(Mp)

9

where p”(Mp) is the phase space for the decay. This
method satisfies explicitly the unitarity and analyticity
conditions for the two-body final states. In the case of
three-body final states, the unitarity is satisfied on the
level of the quasi two-particle processes. This approach
takes correctly into account such analytical structures of
the amplitudes as poles and cuts. In the majority of
cases these singularities are the dominant singularities
and define the energy behavior of the amplitude. The
logarithmic singularities connected with the triangle dia-
grams have, as a rule, a rather smooth energy dependence
and can be taken into account by renormalization of the
resonance couplings. However, such a renormalization
leads to the appearance of the coupling phases which were
treated as parameters in the optimization procedure.

The analysis of the HADES data was performed to-
gether with photo- and pion-induced data with one and
two pseudoscalar mesons in the final state. Amplitudes
for the pion-nucleon elastic scattering are taken from
SAID solutions. The full list of the fitted reactions
with the corresponding references is given on the Bonn-
Gatchina web page [48]. For convenience, we list in Ta-
ble [l the fitted data with two pions in the final state. All
reactions with the production of two pseudoscalar mesons
were fitted in the framework of the event-by-event likeli-
hood method which allows to take into account all ampli-
tude correlation in the final phase space. Furthermore,
total cross sections for the two pion production channels
obtained in [9] were also included in the procedure as an
additional constraint (the differential cross sections are
not available on the event-by-event basis).

In the approach, we minimize the function

N (data)

- gj (PWA)data
f - Z N(rec MC) ’ (11)
i S o (PWA)

where o;(PW A)%t¢ is the differential cross section cal-
culated for every fitted data event. The normalization
of the minimization function to the sum of Monte Carlo
events passed through the detector simulation takes into
account the given acceptance of the experimental setup.
The quality of the obtained solution can be estimated by
comparison of these Monte Carlo events weighted by the
final cross section with the measured data.

To analyze the HADES data we start from the Bonn-
Gatchina solution described in detail in Ref. [49]. In
this analysis, the pN channel was not directly taken into
account. The inelasticities of the fitted states were de-
scribed by a ”black box” with a phase volume taken as
pN with the lowest possible orbital momentum. In the
present study, all pN decay channels were introduced ex-
plicitly for the resonances with masses below 1.6 GeV.
After including the pN channels and HADES data in the
fit, all couplings of these states to the ”black box” were
optimized close to zero and were fixed to this value in the
final fit. This means that the widths were fully defined
by the sum of the partial widths of the fitted channels.



TABLE I. The reactions, observables and energy ranges of
the two-pion production data used in the PWA.

Reaction Observable |W (GeV)|Experiment
~p — wonlp DCS, Tot 1.2-1.9 MAMI
~p — mon0p E 1.2-1.9 MAMI
~vp — 70n%p DCS,Tot 1.4-2.38 | CB-ELSA
~p — onlp P H 1.45-1.65 | CB-ELSA
vp — 7on'p T, P, P, 1.45-2.28 | CB-ELSA
vp — % | P, PS¢, P: (4D)| 1.45-1.8 | CB-ELSA
vp — n’n’p | Py, Py, P; (4D)| 1.45-1.8 | CB-ELSA
7 p— 171n DCS 1.29-1.55 | Crystal Ball
Tp—TTT N DCS 1.45-1.55 HADES
Tp—Tm p DCS 1.45-1.55 HADES

The combined analysis allows us to define the initial
isospin of all partial wave amplitudes. For example, the
270 production reactions do not provide enough informa-
tion for a unique decomposition of the A(1232)7 ampli-
tudes into initial states with fixed isospin. The HADES
data provide the needed information and impose a strong
constraints on the A7 and N*m amplitudes. In addition,
the HADES data allow us to extract, with a good preci-
sion, the contributions of the p(770) N amplitudes which
do not contribute to the 27° production reactions.

In the energy region of the HADES data, the lead-
ing contributions to the reactions are defined by the
A(1232)w, N(1440)w, p(770)N and oN intermediate
states. Here o describes the energy dependence of the
scalar mm S-wave in the mass region from the two-pion
threshold up to 0.8 GeV. We also introduce the con-

tribution from the amplitudes with N(1535)(3 )7 and

N(1520)(2 )7 intermediate states but did not find any
notable contributions from them.

D. Acceptance and efficiency corrections

To compare the HADES data on pr7~ and nrtn~
final states to the results of PWA fits various differential
distributions were studied. They include momentum and
angular distributions of the final state particles in the
CM frame, invariant masses and angular distributions
in the Gottfried-Jackson (GJ) and the Helicity (H)
reference frames (for definitions, see Sec. [V BI). The
distributions were compared to the PWA solutions cal-
culated within the HADES acceptance. The agreement
between the data and the PWA solutions is generally
very good (see figures presented in the next section)
and justifies model-driven combined acceptance and
efficiency corrections. For this purpose one-dimensional
correction functions were computed for all investigated
observables. These functions have been obtained as
ratios of two PWA solutions given for: (a) the full solid
angle (4m), and (b) the HADES acceptance, including
all reconstruction cuts like PID and missing mass
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windows, (ACC). Finally, experimental distributions
were multiplied by the respective correction functions.
The averaged correction factors depend slightly on the
beam momentum and amount to 6.5 — 8 and 9.5 — 12.5
for the nmt 7~ and pr—7° data, respectively. Note that
in this procedure no extrapolation outside the HADES
acceptance was performed and only the acceptance losses
due to incomplete azimuthal coverage where accounted
for. Furthermore, the acceptance regions with a very
large correction factor (> 15), corresponding to low ac-
ceptance/efficiency, were excluded. Nevertheless, several
angular distributions have a full acceptance coverage
in HADES (see below), and can be used to determine
the total cross section. The corrected experimental
distributions obtained in this way are of more general
interest since they can be directly compared to any
theoretical model.

Systematic uncertainties of the PWA have been esti-
mated by studying several solutions: with truncation at
JP =3/2% and at J¥ = 5/2% for the data sets obtained
with and without pion tracker with the missing mass se-
lections shown in Fig. Bl Furthermore, two strategies for
data normalization were applied in the fits. One based
on the cross sections measured in the HADES acceptance
only and the other one with the HADES cross sections
combined with the cross sections for the two pion pro-
duction in complete solid angle derived from the PWA
analysis of former two-pion experiments, as given in [9]
(denoted as PWA Manley).

These various solutions were also used to estimate
systematic errors of the correction functions introduced
above. It appears that correction functions for the given
observable calculated with the various PWA solutions
are very similar. The correction factors vary from point-
to-point and their average spread was estimated to 2%,
reaching a maximum of 7% for some specific regions of
the acceptance. This error was calculated for every bin
of investigated differential distributions and was propa-
gated to the total systematic error. The other contri-
butions to systematic errors assigned to each bin arise
from the pion-carbon background subtraction (1 — 2%)
and track reconstruction efficiency (2%), discussed in the
previous sections.

For the estimate of the total cross section, angular
distributions with the complete HADES coverage were
considered for the data sets collected with and without

pion tracker. In the case of the nwt7~ channel, the
+_
:+77117
Tt
Tta—
In the pr%7~ channel:

. . . _at
following projections were used: cos@) " , cosf

g
cos0, ™ in the (H) reference frames, and cos6

in the (GJ) reference frames.

o__— 0 .
cosfy o™, cos, ¥ in the (H) reference frames, and

cos 9;720, cos 9:37,7 in the (GJ) reference frames (see Figs.

[I0, T). Based on these projections, the total cross sec-
tions and the systematic errors related to the extrapola-
tion to the full solid angle were calculated from the accep-
tance corrected distributions for each reaction channel as



the average of the respective integrals and their disper-
sion (RMS), respectively. Systematic errors related to
corrections of losses due to the missing mass cuts were
estimated by variation of the window widths and com-
paring losses in the simulation to the corresponding ones
in the data (see table). These errors (about 2 — 5%)
were found to be larger (and asymmetric) than the er-
rors related to the extrapolation (about 1 — 2%) and are
summarized together with the other sources in Tab. [

IV. DISCUSSION OF THE RESULTS FOR THE
nntn™ AND pr~n° CHANNELS AND
COMPARISON TO THE PWA SOLUTIONS

TABLE II. Sources and typical size of systematic effects.

Source of uncertainty
Global errors:

|Error estimate [%]

PID 2

Normalization (world data) 2-4
Total cross section extrapolation 1-2
Reconstruction procedure of pion 0.5

beam momentum
Variation of missing mass cuts

nrt ™ channel + (2-5)
pr~7® channel + (2-3)
Total global systematics 4-8
Point-to-point errors:

Elastic scattering ANy 1-4
Carbon background 1
Two-pion reconstruction 2
efficiency

Acceptance corrections 2-7

The PWA fits, described in Sec. [ILC] have been per-
formed including the HADES data on the 7~ p — prln~
and 7~p — natw reaction channels measured at the
four pion beam momenta. The differential distributions
presented in this section correspond to data obtained
with ppeam = 0.685 GeV/c using the pion tracker. The
highest statistics was collected for this beam momen-
tum, which had been chosen for the study of the di-
electron channel. This data set, therefore, constitutes
the most relevant reference and also illustrates well the
main conclusions from this analysis. The results of the
analysis of data obtained for the other beam momenta
are included in excitation functions shown at the end of
this section. All presented distributions are corrected for
the HADES acceptance and reconstruction inefficiency.
The yields are converted to cross sections via the rela-
tive normalization to the elastic pion-proton scattering,
as described in Sec. MIIBl The distributions are com-
pared to the PWA solution given in the full solid an-
gle. The systematic point-to-point errors related to the
acceptance corrections and the subtraction of the con-
tribution originating from pion-carbon interactions are
added quadratically and displayed as boxes. Statistical
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errors are indicated separately by vertical bars and are
usually smaller than the systematic ones. In addition to
these errors, global errors related to the PID method, the
normalization, the cross-section extrapolation, the pion
beam momentum reconstruction procedure, are included
in the estimate of the total cross sections but not shown
in the differential distributions.

Table [I summarizes the various types of systematic
errors considered in the analysis.

A. Two-particle distributions

Within the Bonn-Gatchina framework, the two-pion
production is described as a two-step process involving
the formation of quasi two-particle final state-isobars.
The two-particle states consist of a meson associated with
a baryon: mA or Np(I=1), No(I=0). The intermediate
states p, o or A decay into the two-body final states
ww or N, respectively. In the following discussion, we
show differential distributions for such two-particle sys-
tems which characterize the first step of the reaction.

We begin the presentation of the results with the dis-
tributions of the polar emission angles in the CM frame of
the collision (Fig. [B]), and the invariant masses (Fig. [1).
Since the nucleon (pion) and the two-pion (nucleon-pion)
systems are emitted back-to-back in the CM frame, the
respective angular distributions are closely related (by
reflection symmetry). Therefore, the invariant mass dis-
tributions for the particle combinations shown in Fig. [7]
complement the one-particle angular distributions shown
in Fig.

In the figures, the data points (filled circles) are com-
pared to the PWA solution (solid histograms) normalized
to the experimental cross sections. In this way, we first
compare the shapes of the experimental and PWA distri-
butions. The comparison of the total cross sections for
the two-pion production, obtained in the PWA, to the
cross sections measured by HADES is presented in Sec.
nva

The partial wave analysis provides information about
all contributing amplitudes which can be organized into
various projections. The differential production cross sec-
tions are separated in the leading contributions: (a) the
total angular momentum and the parity of the initial
state (JP = 1/2% 3/2%), see Fig. B, and (b) the type
of quasi two-particle states or isobars, see Fig. [t A
(cyan curves), Np (violet curves), and No (dashed violet
curves). In case (a), we additionally show contributions
from the most important pion-nucleon waves in the s-
channel with I = 1/2 and fixed total angular momentum
J and angular momentum L, i.e. S1; (L = 0,J = 1/2)-
red curves, Pi; (L = 1,J = 1/2)-violet curves and D3
(L = 2,JN = 3/2)- blue curves. The N* resonances
N(1535)17, N(1440)1" and N(1520)3" contribute re-
spectively to these partial waves. In case (b), we also
present the dominant sources of the p—meson produc-
tion, which is in the focus of this study. There, the fol-
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FIG. 6. (Color online) Angular differential cross sections of the nucleons (left column) and pions (right column) in the CM
frame for the 77p — naTn~ (upper row) and 7~ p — pr’nw~ (lower row) reaction channels for ppeam = 0.685 GeV/c. Color
curves display contributions of partial waves (dashed line histograms) and I = 1/2 s-channel contributions (solid lines) to the

total yield (black solid histogram).

lowing contributions are shown: the total p contribution
in the s-channel, contributing almost 100% of the total
p production cross section (green curve), separated into
the shares from S1; (red curves), and Dy3 (blue curves)
partial waves.

Figure [6 shows distributions for the nx™7~ (upper
row) and the pr~7® (lower row) final states. They

demonstrate the dominance of the 3/2~ partial wave
(dashed-blue) in the pr~7¥ final state. For the nwt7—
final state we obtain comparable contributions for the
1/2% (dashed violet curves) and 3/2~ waves (dashed
blue), respectively. Contributions from the higher par-
tial waves (not shown in the figure) are much smaller. As
one can see, the different J* partial waves are dominated

by the s-channel I = 1/2 contributions. The t-channel
contributions are found to be much smaller (~ 1 — 4%
depending on the partial wave). The I = 3/2 compo-
nents, which are also much smaller than the I = 1/2 con-
tributions, play some role via interference effects. This
can be seen for example in the case of the pr~7° final
state, where the total J = 3/27 partial wave yield is
smaller than the I = 1/2 D;3 s-channel contribution, due
to destructive interference effects with the corresponding
I = 3/2 contribution.

The obtained decomposition into partial waves shows
that at HADES energies the most significant contribu-
tions originate from L =0, 1, 2 (S, P, D) waves. The
respective amplitudes, extracted from our analysis, are



50
__TpTtp -~ NIr'T (a)
o 401
> 0
(D] i
O 30f
S |
£, 20F
= I
Q N
(o) 10j
© .

071 12 13

M, (nTt) [GeV/c?]

30— -
_ | Tip— pTPT (c)
‘\'2 |
o 20|
Q/ B
S |
E |

10F
% | '_'_'_’_,_.—-——\—‘_‘_‘ .
5 [ = = |
S [ 4 y/

n R A1 P
0=71 1.2 1.3 1.4

Minv(pT[-) [GEV/ C2]

A-nt = N-p ====N-¢ =-—

FIG. 7.

13

50
— (b)
"0 40
>
(D)
O 30
S
E.20
=
°
S 10
©
0
0.3 0.4 0.5 0.6
M, (rt't) [GeVic?]
30— -
— [TP- pTOTT (d)
S |
S 20|
S_D, B
S |
E |
E 10 '_.—'—'_'_'_'_\_\_|
= -
2 |
T -
0 03 04 05
M, (TPTT) [GeV/c?]
N-p N-p N-p
s-chan S, Dn

Invariant mass distributions of the nucleon-pion (left column) and the two-pion systems (right column) for the

7 p — natr~ (upper row) and 77 p — pr’r~ (lower row) reaction channels for pyeam = 0.685 GeV/c. Color curves display
contributions of various final states to the total yield (black solid line histogram), as indicated in the legend.

associated with J¥ : 1/27 (L =0), 1/2%, 3/2% (L =1),
and 3/27, 5/27 (L = 2) waves (the total parity of pion-
nucleon scattering is given by (—1)£*1). The truncation
at L = 3 imposed in our analysis is in agreement with the
previous PWA analysis of two-pion production |8, 9], and
the analysis of inelasticity concluded from pion-nucleon
elastic scattering [, 2] at similar energies. The results
show that for /s < 1550 MeV the contributions from
L > 3 are negligible.

The separation of the total cross section into isobar
contributions is shown in Fig.[ll It presents the invariant
mass distributions of the nucleon-pion (left column) and

the two-pion (right column) pairs for the 7=p — nrtr~
(upper row) and the 7~ p — pr7~ (lower row) reaction
channels. In the latter case, the dominant contribution
is the off-shell s-channel p—meson production, proceed-
ing predominately via the D3, and, to smaller extent,
via the S7; partial waves. The two-pion mass distribu-
tions are cut below the meson pole by the limited phase
space (v/s — M,, = 0.55 GeV/c?). On the other hand,
the proton-pion invariant mass distributions are peaked
around the A(1232) resonance pole, indicating also the
formation of this isobar in the intermediate two-particle
state. In the 7~ p — nrt 7~ reaction, the Ar final state
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is much stronger (by about a factor 3) with respect to
the pr—7° final state and dominates over the pN chan-
nel. Such increase of the Am contribution can be un-
derstood from the isospin considerations for the I =1/2
states. An enhancement by a factor of 2.5 is expected
from the Clebsch-Gordan coefficients for N*0 — (A=7 ™,
Atr~) and for N*¥ — (A%% A*7~) contributing to
the nrt7~ and pr— 70 final states, respectively. Fur-
thermore, as already mentioned (see Fig. [f]), in addition
to Dq3, also the P;1, with comparable branch to the A,
contributes to the na 7~ final state, and consequently,
the cross section increases. This difference in the iso-
bar contributions is also reflected in the pion angular
distributions for the respective D13 and P;; components
(see Figs. Bb and BH). While for the nrT 7~ final state

the distribution is dominated by A~ emission pattern,
leading to an almost flat 7+ angular distribution for all
s-channel contributions, in the case of the pr~x° final
state, a clear anisotropy is observed for 7¥s emitted from
the D13, due to the strong contribution from the decay
of N(1520) into pN.

In the 7~p — nn 7w~ reaction channel also two-pion
production in the I = 0 state (No) is allowed. This
isobar production proceeds mainly through the decay
branch of the N (1440)%+ resonance. As can be seen in
the left column of Fig.[7 the invariant mass distributions
for the No and A7 contributions have slightly different
shapes as compared to the ones for the 7~ p — pr'7~ re-
action dominated by the Np isobar. The o contribution
is also reflected in the angular distribution of two-pions
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from J = 1/2%(Ds3).

Finally, in Fig. 8 we show the Dalitz plots for the
pr— Y (left panel) and nrt 7~ (right panel) final states,
respectively, with the indicated positions for the expected
p and A resonance contributions. The upper plots are
shown for the HADES data (corrected for the HADES
acceptance and reconstruction inefficiency), within the
HADES acceptance, while the lower ones are obtained
from the PWA in the full solid angle. The solid contours

visible in the figure visualize the respective envelopes
for the Dalitz distributions assuming a fixed value of
/s corresponding to the central beam momentum val-
ues Ppeam = 0.685 GeV/c. Events distributed outside
the envelopes are due to the beam momentum spread
and the HADES spectrometer resolution. The distribu-
tions show clear enhancements along the indicated po-
sitions and good coverage of the detector. The cut-off
for the highest 7~ 7" and nn~ invariant masses, visible



in the Dalitz plots of Fig. B is due to the lack of the
detector acceptance at low polar angles essential for the
event reconstruction in the case of production close to
the kinematic limits. For example, in case of the pr—x°
final state, higher energy protons, which would lead to
higher invariant masses M (7% — 77) > 0.27 (GeV/c?)? ,
go to polar angles less than 20 degrees in the lab and can
thus not be detected in HADES.

B. Three-particle distributions

The configurations of three particles in the final state
can be studied by angular distributions calculated in the
Gottfried-Jackson and the Helicity frames.

The Helicity reference frame (H) is defined as the rest
frame of any two final state particles with the z-axis
aligned along the direction opposite to the third parti-
cle momentum. The polar emission angle of a particle,
boosted to that frame, is the helicity angle of this par-
ticle. Angular distributions in this particular reference
frame (H) are strongly related to the Dalitz plot. They
are sensitive to the presence of a resonance and/or higher
partial waves involved in the respective two-particle final
state. For example, the appearance of p—meson produc-
tion in the 7~ p — 77~ n reaction is expected to produce
an enhancement distributed along the high M2 _ edge of
the Dalitz plot spanned by the M2 vs M%_ invariant
masses (see Fig. B). In the pion-nucleon helicity frames
the respective enhancement is expected to show up at
large opening angles between the two pions (correspond-
ing to a large 7w invariant mass).

Indeed, such an enhancement is visible in the distribu-
tions plotted in Fig. (left column) for small opening
angles between the nucleon and the 7% in the nucleon-
7~ helicity frame (indicated by subscripts), which are
equivalent to large pion-pion angles. This is visible for
the m~p — naTr~ (upper panel) as well as for the
7~ p — prn’n~ (lower panel) reaction channels. On the
contrary, other channels, like No or A7, have more uni-
form distributions, which demonstrates that the angular
distributions in the helicity frame are sensitive to the Np
production.

The pion-pion rest system in the H frame, on the other
hand, is sensitive to the appearance of the A resonance,
which can be clearly seen as a bump in the respective
pion-nucleon angular distributions (see right column in
Fig.[I0). As already evident from the distributions of the
pion-nucleon invariant mass (see Fig. [7), the A(1232) is
observed in the covered mass range. Consequently, the
bump is also observed in the respective angular distribu-
tion in the H frame.

One should emphasize that the presented angular dis-
tributions are fully covered by the HADES acceptance.
This facilitates acceptance corrections and extraction of
the total production cross sections, presented later in this
section, as already introduced in Sec.

In the Gottfried-Jackson reference frame (GJ) the pro-
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jectile or the target is chosen as the reference particle
boosted to the rest frame of two final state particles. The
opening angle between the projectile or the target, and
one particle forming the rest frame is calculated. The an-
gular distributions plotted in Fig. [Tl show the opening
angles of the incoming pion projectile with respect to one
of the particles (indicated by the superscript) in the two-
body reference rest frame (indicated by the subscript).
The angle plotted in the GJ frame is well suited to study
the production mechanism. In particular, the two-body
scattering of the incoming pion with an exchanged par-
ticle to a two-particle final state can be studied by the
respective distribution. For example, the t-channel pro-
duction of a p—meson with subsequent decay into two
pions or of a A(1232) decaying into a nucleon and a pion
could be studied in the GJ frame fixed to the two-pion
or the pion-nucleon rest frames, respectively. The distri-
butions displayed in the left column are plotted for the
nucleon-pion systems, while the ones in the right column
are for the two-pion system. The upper and lower pan-
els correspond to the 7~ p — nrt7~ and 7~ p — prln~
channels, respectively. They are similar to the CM dis-
tributions discussed above (see Fig. [f]) but, decomposed
into the isobars, reveal interesting features for the pN
channel. For both final states, the pion distributions
emerging from the pN final state (Fig. [Ib and [IH),
are anisotropic and convex in shape for the coherent sum
of s-channel contributions while they are concave for the
dominant D3 contribution. This signals strong interfer-
ences between the dominant I = 1/2 partial waves, S1;
and Dj3 with also some contribution from I = 3/2 com-
ponents. The latter one will be discussed in more detail
in the next section where the partial wave contributions
to the total cross section are discussed. One should also
point out that the distributions shown in Figs. [l (b,d)
demonstrate a good coverage of HADES for these observ-
ables, which allow for a total cross section estimate.

Summarizing, all the presented angular distributions
agree very well with the Bonn-Gatchina PWA solutions.
They are consistent with the isobar model assuming
formation of the quasi two-particle final states: Am,
Np in the 77p — pr— 7%, and additionally No in the
7~ p — nw T reaction channels. The results show the
dominance of the JF = 1/2%,3/2~ partial waves with
Dy3, and Py playing the most important role in the two-
pion production, however with visible interferences with
S11 and smaller I = 3/2 amplitudes. In particular, a high
sensitivity of the angular distributions in the H and GJ
frame and of the two-pion invariant masses to the off-shell
p—meson contribution has been found. Furthermore, the
broad angular coverage of HADES for measurements of
angular distributions in the GJ and the H frames allows
for the extraction of the total cross section for two-pion
production, presented in the next paragraph.
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C. Total cross section

The total cross sections for the two pion production
are shown in Fig. as a function of the total energy
W = /s in the CM system for the 7~p — nrT7~ (up-
per row) and the 7~p — pr’7~ (bottom row) reaction
channels. The red points show the results of this anal-
ysis, while the black ones were obtained from the other
experiments (see Refs. [, 19]). The total cross sections
from HADES were calculated as explained in Sec.
and are also summarized in Tab. [IIl The error bars for

the HADES data are dominated by the systematic uncer-
tainties (boxes) while statistical ones are negligible. The
errors of the older experiments are statistical only.

The total cross sections derived from the HADES data
agree within the errors with the results of the former ex-
periments. The excitation functions are compared to the
Bonn-Gatchina solutions (black curves-denoted as Bn-
Ga) and also to the results of the analysis described in
Ref. |8 (orange curve). The dashed band spanned around
the Bn-Ga solutions visualizes the errors (RMS) obtained
from the various solutions.
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TABLE III. Total cross sections.

p [GeV/c] o(nm7~) [mb] o(pr—7") [mb]
0.650  [5.84 (£0.01)st (1558)sys|252 (£0.01)st (T013)sus
0.685  [6.21 (£0.01)5 (F02%),y5[3.54 (£0.01)sr (F023)sys
0.733 [6.73 (£0.01)5 (F055)sys |5-31 (£0.01)sr (F032)sys
0.786  [6.33 (£0.01)s (F938)sys |5.14 (£0.01)s (F033)sys
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TABLE IV. Cross sections (in mb) derived for the pr°7~ channel at the four incident pion momenta. The contributions of the
most important J¥ partial waves are given. The three last columns correspond to the s-channel I=1 /2 partial waves.

p [GeV/c]|W [GeV]| Total 1/27 1/27 3/27 3/27 5/27 5/2~ S11 P D3
0.650 1.47 2.26+0.14]0.1940.01|0.3240.01 |0.04+£0.001 | 1.1140.06 |0.013£0.003 | 0.024+-0.002 | 0.21£+0.02 | 0.1740.01 |1.16+0.08
0.685 1.49 3.28+0.20|0.1940.010.434+0.02 |0.07£0.003 | 1.814+0.10 | 0.0240.004 |0.0340.003|0.25+0.02|0.164-0.006 | 1.78=+0.12
0.733 1.52 4.840.29 |0.184+0.01|0.53£0.02| 0.16+£0.01 |3.02+0.17| 0.044+0.01 | 0.06%0.01 |0.224+0.02| 0.134+0.01 |2.524+0.19
0.786 1.55 4.83+£0.25]0.174+0.01|0.5640.02 | 0.304+0.04 |3.07+0.18| 0.08+£0.02 | 0.1140.01 |0.23+0.02| 0.10+0.01 |2.17+0.17

TABLE V. Same as Table [Vl for the nmt 7~ channel.

p [GeV/c]|W [GeV]| Total 1/27 1/2 3/27" 3/2” 5/27 5/2” Si1 P Dis
0.650 1.47 5.27+0.13]2.0640.03|0.36+0.03 |0.23£0.02|1.614+0.07 |0.05%0.01 | 0.07£0.01 | 0.1440.01 | 2.024+0.03 | 1.14+0.04
0.685 1.49 6.08+0.17|2.0840.03|0.484+0.03 | 0.35+0.02|2.054+0.10 |0.07+0.02 | 0.10£0.01 | 0.2040.01 | 2.0440.03 | 1.6%0.06
0.733 1.52 6.70+£0.21|2.0440.03|0.654+0.04 |0.67£0.04|2.0940.14 |0.1440.03 | 0.21£0.01 | 0.2140.01 | 2.01+0.028 | 2.04£0.09
0.786 1.55 6.45+0.18|1.9940.03|0.934-0.06 | 0.98+0.06 | 1.3740.10 |0.25%0.05 | 0.38+£0.02| 0.2+ 0.01 |1.97+0.030|1.68%-0.10

In the left column the total cross section obtained from
the PWA are separated into the dominant contributions
given by the 1/2% 3/2% partial waves contributing to
the s-channel (Fig.[[2 a,c). The total cross section is de-
fined by the incoherent sum of the cross sections from the
partial wave amplitudes with a fixed total angular mo-
mentum and parity J*. Such amplitudes for fixed J* are
defined as the coherent sum of the respective partial wave
amplitudes for I = 1/2 and I = 3/2 with the correspond-
ing Clebsch-Gordan coefficients. The total contribution
of the dominant partial waves, listed in Tab. [[V] [V] rises
with the incident energy and varies from 83 to 92% and
from 75 to 89% of the total cross section for the na ™7~
and pr— 70 final state, respectively. The remaining part
of the total cross sections originates from the interfer-
ences with t-channel contributions, not included in the
partial waves, and from the contributions of the higher
partial waves. Tables [[V] [V] give a detailed separation
of the respective partial waves obtained from the Bonn-
Gatchina analysis. The specified errors have been de-
termined from the dispersion of the various PWA solu-
tions, as explained above. The 5/2% partial waves (not
included in Fig.[[2 ¢, d) contribute only very little to the
total cross sections which justifies the truncation applied
in the analysis.

The contributions of the most important I = 1/2 par-
tial waves: Si1, P11, Dis are also plotted in Fig. [[2
for both reaction channels. The D;3 is dominating the
pr~ w9 final state while in the nmt 7~ final state the con-
tribution of Py; plays a comparable role. The incoherent

D. p meson production

One of the main goals of this analysis is to extract the
production cross section of the p—meson and to provide

sum of the I = 1/2 contributions amounts to ~ 63%
of the total cross section and is roughly constant for the
nmtw~ channel, but decreases as a function of the energy
from 68 to 51% for the pr~ 70 final state. The remaining
part of the cross section for the 1/2%, 3/2% partial waves
is provided by the contribution of the I = 3/2 amplitudes
which increases with the energy for the pn®7~ final state,
as can be seen in Fig. [[2 ¢ (compare dashed and full blue
lines).

Tables [VI] [VIIl provide the numerical values of the re-
spective components and their errors deduced from the
PWA solutions, as described above. As one can see the
Am isobar contribution (cyan curve) rises almost linearly
with the energy and is the most important contribu-
tion in the nwt7~ final state. The Np channel pro-
vides the largest contribution to the pr~ 7" final state
with the most dominant component originating from the
D13 partial wave. Furthermore, the p—meson produc-
tion in both final states is almost completely determined
by s-channels (green curve), as it can be directly con-
cluded from the comparison to the total cross section
(violet curve). Similar conclusions on the dominance of
the s-channel has also been derived for other final states.
The excitation function for the p~meson seems to show
a resonance-like behaviour with a maximum around the
pole of N(1520)3/2~ while the one for the p¥ is rising
more continuously. In the final state with two charged
pions also the isoscalar I = 0 state (dashed violet curve)
contributes with a comparable cross section and a rather
flat excitation function.

an insight into the reaction mechanism. In particular,
the interesting question is the coupling of the p—meson
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TABLE VI. Isobar contributions (in mb) derived in the PWA for the pn®z~ channel at the four
incident pion momenta. For the pN channel the most important s-channel 1=1/2 partial wave
contributions (Si1, D13) are given. The last column shows the incoherent sum of the respective

= 3/2 contributions.

p [GeV/c]|W [GeV]| Amw Np |No

Np Np(S11) | Np(D1s) | Np(2a)
(s-channel)

0.650 1.47 0.58+0.02|1.29+0.11| 0 1.2+0.09 |0.32£0.01{0.91+ 0.11]0.05 £ 0.01
0.685 1.49 0.80+£0.02|1.85+0.16| 0 | 1.76£0.14 |0.41+0.01|1.32+0.16 |0.08 = 0.01
0.733 1.52 1.33£0.04(2.32£0.22| 0 | 2.274+0.20 |0.32+0.01|1.73£0.22 [0.13 £ 0.01
0.786 1.55 1.69+0.06 |1.95+0.18] 0 | 1.97+0.18 |0.29+0.01|1.41£0.18 |0.22 £ 0.01

TABLE VII. Same as Table [V1l for the na ™7~ channel.

p [GeV/c]|W [GeV]|] Am Np No Np Np(S11) [Np(D13)| Np(Za)
(s-channel)

0.650 1.47 1.9440.07(1.07£0.08 |2.11£0.11| 0.96£0.07 |0.15%+0.003 |0.43£0.05| 0.1 +0.01

0.685 1.49 2.2940.09(1.354+0.11|2.2940.14| 1.2440.10 |0.19+£0.004 {0.63+0.08 |0.15 4+ 0.01

0.733 1.52 2.6540.10(1.534+0.13|2.594+0.19| 1.49£0.12 |0.15£0.003 {0.83+0.11|0.26 4+ 0.01

0.786 1.55 2.78+0.12|1.514+0.11{2.4940.18| 1.62+0.12 [0.14£0.003|0.6840.09|0.42 + 0.01

to N*/A baryonic resonances characterized by the re-
spective decay branches. Those branches were previously
extracted in the analysis of Manley et al. [8,19], based on
the old bubble chamber data. To study this aspect, we
have performed a decomposition of the meson production
cross section into the dominant J = 3/2% and J = 1/2%
partial waves and extracted their I = 1/2, I = 3/2 com-
ponents. The results, presented in Tables VI and [VII]
show that the most important contributions originate
from negative parity I = 1/2 partial waves and are given
by Di3 and Sii1, for both investigated p—meson charge
states. The Sp; contribution is approximately constant
while the D13 contribution is larger and is increasing with
the excitation energy. Furthermore, we observe that the
incoherent sum of the I = 1/2 contributions is compa-
rable to the coherent sum of all s-channel contributions
for the pr7~ final state. On the other hand, the re-
spective sum is clearly smaller for the nm+ 7~ final state.
One should, however, also consider I = 3/2 contributions
to the 1/27 and 3/2~ partial waves and the interference
effects. The PWA solution show that the main contribu-
tions to the D3 wave originates from the N(1520)3/2~
resonance (close to 95%) in both channels) while the
I =3/2 (A) is given by the S3; and D33 partial waves
which, although smaller than the respective I = 1/2 con-
tribution are still important in the coherent sum. In the
case of the full interference even a small partial wave can
strongly affect the total contribution. In Tables [VI] and
[VITl we present the incoherent sum of the JZ = 1/2~
and the JE = 3/2~ partial waves with I = 3/2 (last col-
umn) to quantify their effect with respect to the I =1/2
contributions. The contributions are increasing with the
energy and amount to around 15 —25% and 5—12% with
respect to the incoherent sum of I = 1/2 contributions
for the nmtn~ and pr—x° final states, respectively.

The importance of the interference effects in the
p—meson production has already been pointed out in the
previous section in the interpretation of the pion angular

distributions in the (GJ) frame. The opposite interfer-
ence pattern and the relative contributions of N*/A to
the total coherent sum in both reaction channels can be
understood more quantitatively by the isospin decompo-
sition of the total p—meson production cross section into
the respective amplitudes for the N* and the A compo-
nents:

~ 1/3(24%. + AX)?,

O'J
T~ p—>N*/A—pp~

for the pr—n° final state, and

U#*p%N*/A%npo ~ 1/3(_\/5‘4]{/* + \/§A£)27

for the nr 7~ final state, respectively.

As can be seen from Tables [V and [VII] the I = 1/2
cross sections are indeed a factor 2 larger for the pp~
as compared to the ones for the np®, independent of the
energy, in agreement with the above isospin decomposi-
tion. On the other hand the contributions of I = 3/2 are
larger for the np final state. Furthermore, the sign of
A has been found in the PWA to be opposite to the one
for the A for the pp~ final state, therefore the interfer-
ence is destructive for this final state while for the other
p—meson charge state it is constructive. From the above
expression one can also see that the ratio of the inter-
ference term with respect to the incoherent sum of both
amplitudes for the two reactions is larger for the np° final
state. It is worth mentioning that the same conclusions
on the amplitude signs were drawn from the previous
analysis (Ref. [§]), in agreement with quark models cited
in there.

Finally the branching ratios for the N(1520)3/2~ —
Np, and N(1535)1/2= — Np have been extracted
from the Bonn-Gatchina analysis. For the N(1520)3/2~
state the corresponding branching ratio was found to be
11.8 +£1.9% for the decay with the orbital moment L = 0
(S-wave), and 0.4 £ 0.2% for the decay with the orbital



moment L = 2. The branching ratio to the S-wave chan-
nel appeared to be by almost a factor 2 smaller than
the value obtained in the analysis in Ref. |9]. However,
our value is in a good agreement with the multichan-
nel analysis of Ref. [50] and the analysis of electropro-
duction data of Ref. [15]. The branching ratio of the
N(1535)1/2 state into the pN channel was found to be
notably smaller: 2.7 £+ 0.6% for the decay into S-wave
and 0.5 £+ 0.5% for the decay into D-wave. These num-
bers are in a good agreement with the previous results
(Refs. [9,150]). The branching ratios of these two states
into all channels which contribute to the 7wV final state
are listed in Tab. [VIIIl Another baryon contributing to
the two-pion production in the HADES experiment en-
ergy range is the Roper state (N(1440) 1/27), although
its coupling to the pN channel calculated as residue in
the pole position was found to be very small. Due to the
small phase-space volume the branching ratio for the de-
cay of the Roper resonance into the p/N channel appears
to be less than 0.2%.

TABLE VIII. The branching ratios (in %) for the decay of
S11(1535) and D13(1520) into the different 77 channels.

State AT AT Np Np No
L=0 L=2 L=0 L=2

S11(1535) - 3.0+£1.0]2.7+£0.6 |0.5£0.5| -

D13(1520)(12.1 £2.1| 6+2 |11.8+1.9{04£0.2|7+3

V. CONCLUSION

The HADES collaboration measured the two-pion pro-
duction in the exclusive nrt7~ and pr~x° final states
in pion-proton scattering at incident pion momenta of
Dbeam = 0.650,0.685,0.733, and 0.786 GeV /c. These new
data have been included in the Bonn-Gatchina PWA ac-
counting for many other reaction channels measured in
various experiments, studying pion- and photo-induced
reactions. The solutions allow for the decomposition of
the total cross sections into partial waves with total an-
gular momentum and parity J¥ or into Aw, Np, No iso-
bars. The results have been discussed, based on the de-
tailed comparison of the PWA solutions to the measured
differential cross sections for ppeam = 0.685 GeV/c and to
the measured excitation function. We conclude that, in
the second resonance region, the two-pion production in
the 7~ p reaction is dominated by the JF = 1/2% 3/2%
partial waves with isospin I = 1/2. The largest contri-
butions are provided by the D13 and D3, P71 partial
waves in the pr— 7Y, and the nnt 7~ final states, respec-
tively. For the pm~7® channel, the pp~ contribution is
dominating. The situation is different for the nn 7™
channel where the np°® contribution is suppressed, due to
smaller isospin coefficients (factor 2), and due to signif-
icant contributions of the Ar and No final states. Fur-
thermore, we have found that the total cross section for
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the Np channel is influenced by interference effects be-
tween I = 1/2 and I = 3/2 amplitudes, which are con-
structive for the np and destructive for the pp~ case.
The new data on the 7=p — 777 n and 77 p —
mt77n reactions provide an important information
about decay properties of the resonances in the region
of center-of-mass energies around 1500 MeV. In particu-
lar, this is a unique source to study the decay properties
of the resonances into the pN channel. The combined
analysis of our data with the Crystal Ball data measured
for the 7~ p — 7°7% reaction indeed allows for a pre-
cise spin-parity and isotopic decomposition of all partial
waves, which was not possible from the analysis of the
Crystal Ball data alone. As a result, we identify unam-
biguously the contributions of all partial waves to the
measured reactions and determine the branching ratios

of the N(1535)3 and N(1520)3  resonances into the
pN, Am and No channels with good precision.

This new analysis should be particularly useful for
the decay into the pN channel BR = 12.2 + 1.9% and

BR = 3.2+ 0.7% for the N(1520)3 " and N(1535)3
resonances, respectively, as no information is available in
the review of Particle Physics. Our result for the N (1520)
is different by a factor 2 from the value found in an ear-
lier analysis of Ref. |9]. The value of the branching ratio
of baryon resonances into the pN channel is important
for the calculations of the in-medium p-meson spectral
function, which is affected by the coupling to baryon res-
onances. In particular it confirms the dominant role of
S-waves in the decay of these resonances. It is also impor-
tant for calculations of dilepton production via baryon
resonance decays which rely on the modeling of time-
like electromagnetic baryon transition form factors using
VDM models. In particular, the results obtained in this
work on the p-meson production can be directly used
for the on-going analysis of the 7~p — neTe™ reaction
channel measured in the same energy range.
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