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Abstract. Radiative transition of an excited baryon to a nucleon with emission of a virtual massive photon
converting to dielectron pair (Dalitz decays) provides important information about baryon-photon coupling
at low ¢ in timelike region. A prominent enhancement in the respective electromagnetic transition Form-
Factors (etFF) at ¢ near vector mesons p/w poles has been predicted by various calculations reflecting strong
baryon-vector meson couplings. The understanding of these couplings is also of primary importance for the
interpretation of the emissivity of QCD matter studied in heavy ion collisions via dilepton emission. Dedicated
measurements of baryon Dalitz decays in proton-proton and pion-proton scattering with HADES detector at
GSI/FAIR are presented and discussed. The relevance of these studies for the interpretation of results obtained
from heavy ion reactions is elucidated on the example of the HADES results.
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1 Introduction

QCD describes nucleons as colorless states of three nearly
massless quarks confined to a small volume due to the
strong force. The building blocks are light (u,d) quarks
with current mass of only a few MeV emerging from the
famed Higgs mechanism. Their much larger constituent
mass is generated by the coupling of the quarks to the
non-trivial QCD vacuum [1]. The underlying mechanism
of the light quark mass generation is the spontaneous chi-
ral symmetry breaking which leads to the appearance of
Goldstone bosons, identified in the SU(2) flavour sym-
metry with pions, and chiral parity doublets (for exam-
ple p — a; or nucleon- N*(1535)) with a large mass differ-
ence. The order parameter of the chiral symmetry break-
ing is the non vanishing expectation value of the quark-anti
quark condensate related to the pion decay constant by the
Gell-Mann-Oaknes-Renner relation. Various model cal-
culations predict a significant depletion of the expectation
value of the quark condensate as a function of the temper-
ature T and baryon-chemical potential y;,. Lattice calcula-
tions performed in the limit of vanishing baryo-chemical
potential predict a crossover phase transition from the
hadron gas to the quark-gluon plasma at a pseudo-critical
temperature T, ~ 155MeV [2],[3] which is accompanied
by the chiral symmetry restoration. The reduction of the
chiral condensate expectation value predicted by the cal-
culations is shown in Fig.1.

Experimentally, the structure of the QCD phase dia-
gram is studied by means of heavy ion collisions over a
broad energy range. Temperature and baryochemical po-
tential are extracted from fits to hadronic yields measured
by various detectors at LHC, RHIC, SPS and SIS18 at
the lowest energy frontier. The extracted T, u; values ob-
tained by the statistical hadronization model of [4] are pre-
sented in Fig.1. Since these temperatures characterize the
late stage of the collision, where hadrons decouple from
the strongly interaction system (so called freeze-out), it is
expected that at highest energies initial temperatures are
higher than the 7. and quark-gluon plasma is created. In
the course of the collision evolution, QGP matter rapidly
expands and when temperature drops to 7, it hadronizes
to a hadron gas. Dashed lines, shown in Fig. 1, depict
hypothetical trajectories of collision at SPS energy of 158
AGeV and at 1.23 AGeV at SIS18.

At energies of around 1 — 2 GeV per nucleon, where
HADES experiment is operating, nuclear matter can be
compressed to two-three times the ground state density
and collective kinetic energy is dissipated into intrinsic
degrees of freedom. As a result, some nucleons (about
20 — 30%) are excited to baryonic resonances and in the
final state of the reaction mesonic states (mainly pions)
are observed with increasing abundances as the center-of-
mass energy of the collision rises. The system is charac-
terized by a large baryo-chemical potential (baryon dom-
inated matter in contrast to the meson dominated matter
produced at higher energies) and moderate temperatures
of about 50 — 70 MeV. It resembles the matter created in
neutron star mergers where similar temperatures can be
reached [5]. Compressing nuclear matter can lead to a sig-

nificant overlap of baryons which at some densities start
to share their pion cloud content, hence creation of a new
form of matter may be expected.

A scientific challenge, both to theory and experiment,
is to understand the microscopic properties of such ex-
otic matter over a broad range of the temperature and the
baryo-chemical potential spanned by various experiments.
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Figure 1. QCD phase diagramme. Experimental black points
were obtained from a fit using statistical hadronization model to
the hadron yields measured in various Heavy ion experiments
[4]. The expectation values of the chiral condensate relative
to the vacuum as constrained by the lattice calculations [2] are
depicted as blue curves. The yellow band is the crossover re-
gion. The dotted—dashed purple curve shows the conjectured
first-order phase transition, which terminates in a second-order
QCD critical point (open purple circle), whose exact location is
a matter of debate. The red upright triangle displays the tem-
perature deduced from the dielepton measurements (see text for
details). Lines with arrows show hypothetical trajectories for HI
collisions at SPS and SIS18. Figure taken from [5]

One of the most promising probes used to examine
properties of such exotic state of matter are dileptons.
They are highly penetrating probes, not suffering strong
final state interactions, hence providing insight into all
phases of the collision. The dilepton radiation can be un-
derstood as emission of virtual photons in analogy to pho-
ton radiation from hot medium with the additional impor-
tant parameter namely the mass. The spectral distribution
of dileptons is strongly influenced by the temperature of
collisions and the microscopic properties of medium. This
connection can be understood by inspection of a formal
expression for the differential thermal dielectron rate from
a four volume of a medium characterized by T, y;, : [6]

dR a? L(M?)

Fads = 0 en (M. p. T ) f*(q0. T) (1)

In the formula Imll,, is the imaginary part the quark
current-current correlator depending on the dilepton mass
M = ¢* and the momentum p, fB(go,T) is the thermal

2
Bose distribution function and L(M?) = (1+ ZA’}Z V1= %

is the lepton phase space element (it approaches one above




EPJ Web of Conferences 241, 01013 (2020)
NSTAR 2019

http://doi.org/10.1051/epjconf/202024101013

dilepton threshold M > 2my,-). ImIT'(M) is very well
known in vacuum from e*e™ annihilation into hadrons. It
is flat in the Intermediate Mass Region (IMR): 3 > ¢ >
1.5 GeV/c?, as predicted for e*e™ — gg transition by per-
turbative QCD, and is dominated by p/w/¢ resonances be-
low (Low Mas region-LMR). The latter one demonstrates
Vector Meson Dominance in the photon-hadron transi-
tions, a phenomenon playing a prominent role in low en-
ergy hadron physics. In particular, the short lived p meson
(ct = 1.3 fm/c) with strong coupling to pions plays the
most important role in the radiation from the fireball cre-
ated in heavy ion collisions.
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Figure 2. Schematic presentation of main graphs entering in-
medium calculation of the p meson spectral function (a,b) and
the relation to the elementary process of Dalitz decay of baryon
resonance (c).

Various model calculations of the I/mlIl,,, for the non-
vanishing T, u, predict its significant modifications in
LMR due strongly modified p meson spectral function
(for overview see [7]). The respective interactions can
be grouped in two types of graphs (see Fig. 2) including
pion-loop modifications (a) and baryon-p meson interac-
tions (b). Systematic comparisons of the model calcula-
tions to the experimental data collected at SPS and RHIC
reveals the dominant role of the baryon induced interac-
tions [8],[9]. The modifications of p meson spectral func-
tion can be linked, though not directly, with chiral sym-
metry restoration by means of QCD and Weinberg sum
rules. Indeed, the hadronic models do not include explic-
itly quantities characterizing QCD vacuum properties like
quark or gluon condensates but the connection between the
splitting of spectral functions of the chiral partners p — a;
and the quark condensate and the pion decay constant is
provided, as for example by the Weinberg sum rules [10].

1
fds;(DX -D%) = f2 2

f ds(D) — D%) = fi'm} = =2my < q3>  (3)

Using the results of the hadronic models for the p me-
son in-medium spectral function and lattice results on the
quark condensate evolution as a function of the tempera-
ture merging of the two spectral function has been demon-
strated at 7 = T, and vanishing y, [11]. This signals the
behaviour expected for the chiral symmetry restoration.

Another important benefit from dilepton measure-
ments in heavy ion collisions is the ability to extract the
temperature of the collision. Indeed, although the equa-
tion 1 holds for the radiation rate at the defined T, y;, it has
been demonstrated by comparison of various model calcu-
lations with the dilepton data that the time evolution of the

fireball can be successfully implemented in the dilepton
calculations (see [9],[12]). The two red triangles shown
in Fig. 1 are the averaged temperatures of early collision
phases extracted by analysis of the thermal radiation in
IMR by the NA60 experiment at CERN and in the LMR by
the HADES experiment at GSI, described in more details
below. Note, that in both cases, the extracted temperatures
are slightly higher than the one obtained from the analysis
of the hadron spectra (black points).

Results of the hadronic models, however, strongly rely
on the experimental input characterizing the vector meson-
baryon couplings. The respective constraints on the calcu-
lations are provided by poorly known baryon resonance-
vector meson branching ratios and constrains from photo-
absorption data. The latter strongly rely on extrapolation
from the photon point to the meson poles based on the Vec-
tor Meson Dominance. Both aspects, can be scrutinized
more directly by measurements of baryon resonance ra-
diative decays involving virtual timelike photons (¢ > 0),
described in more details in next section. This elemen-
tary process, shown in Fig.2 by the graph (c), is directly
connected to the graph (b) by the respective cut. These de-
cays are being investigated, for the first time, by HADES
by studies of exclusive dielectron channels in proton and
pion induced reactions, as described in this contribution.

2 Baryon transition form-factors

The matrix element for a radiative transition of an excited
baryon to its ground state M(R — Nv*) by means of mas-
sive timelike photon can be expressed as a coherent sum
of helicity amplitudes A32(g%), A12(¢%) and S 1/2(¢?), de-
fined in the resonance decay frame [13]. The first two
amplitudes are related to the transverse photon polariza-
tion while the last one is related to the longitudinal pho-
ton polarization. In the limit of g> = 0 (real photon) S/,
vanishes. The helicity amplitudes have been determined
in space like region (¢> < 0) for several resonances in
electro- and photo- production experiment (for review see
[14]). They are, however, unknown in the timelike region
which is accessible by the Dalitz decays R — Ny*.
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Figure 3. A schematic view of etFF evolution as a function of
¢* and kinematic conditions relevant for experiments in timelike
and spacelike regions.

The respective differential decay width for the Dalitz
decay dI'(R — Ne*e™)/dM;-- depends on the resonance
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mass, spin and parity and is expressed as a function of the
magnetic (Gy(¢%)), the electric (Gg(g%)) and the Coulomb
(G¢(g%)) transition Form Factors (etFF). For the J > 3/2
(for example A(1232)) there are three etFF and for J < 3/2
only two (for details see[13]). The relations between the
helicity amplitudes and the etFF are given by linear trans-
formations [13]. The calculations predict a strong depen-
dence of the form-factors on the dielectron mass reflecting
the important role of the intermediary vector meson fields
in the transition, as predicted by VMD (see graph (c) in
Fig. 2. Particularly the role of the broad p meson is visible
in the strong enhancement of the transition rates for the
dilepton masses even below the meson pole. Various im-
plementations of VMD provide, however, different results,
which calls for experimental constraints.

Fig. 3 displays a schematic view of the evolution of
etFF as a function of ¢ and kinematic limits for measure-
ments in spacelike and timelike regions

3 HADES experiment

HADES (High Acceptance DiElectron Spectrometer) is an
apparatus installed at synchrotron SIS18 at GSI/FAIR in
Darmstadt [15]. It has a large acceptance for charged par-
ticles and is optimized to identify very rare electrons and
positrons in a hadron rich environment, which exceeds the
electron signal by many orders of magnitude in multiplic-
1ty.

The HADES spectrometer consists of six identical sec-
tors covering the full azimuth and polar angles from 18° to
85° measured relative to the beam direction. Each sector
of the spectrometer contains a Ring-Imaging Cherenkov
Detector (RICH) operating in a magnetic field-free region,
two drift chambers (MDCs) in front of a toroidal magnetic
field, and two outer MDCs behind the magnetic field, time-
of-flight detectors, based for 6 > 45° on scintillator rods
(ToF) and for 6 < 45° on resistive plates (RPC), combined
with an electromagnetic calorimeter (ECAL) that replaces
the Pre-shower detector used in previous campaigns. At
forward angles (6 < 8°) the detection of charged particles
will be extended in 2019 by two straw tube tracking sta-
tions, developed for the PANDA detector, and a RPC ToF
wall. This ensemble constitutes the Forward Detector.

Momentum measurement of charged particles in
HADES is achieved by tracking the particles in front of
and behind the toroidal field generated by six supercon-
ducting coils arranged symmetrically around the beam
axis. A powerful and flexible trigger system selects events
with defined multiplicity or topological pattern of charged
hits in the TOF detectors. A major improvement of the
spectrometer in terms of granularity and particle identi-
fication capability was achieved with the RPC time-of-
flight detectors. The Forward Detector will significantly
increase the acceptance for hyperon reconstruction in pro-
ton induced reactions.

The HADES detector operates with primary proton
and Heavy Ion (HI) beams obtained from SIS18 and sec-
ondary pion beams. Runs were performed with proton
(Ein = 125, 2.2, 3.5 GeV), deuteron (E;, = 1.25
GeV) beams on LH-2 target and with proton beam on

Nb (Ep, = 3.5 GeV) target. The primary goal of these
experiments was to provide a reference for HI reactions,
particularly for Dalitz decays of baryon resonances and
non-resonant nucleon-nucleon bremsstrahlung which had
not been previously measured. Some highlights from these
measurements are given in the next subsections.
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Figure 4. Top: Dielectron invariant mass distribution measured
in Au+Au collisions compared to the freeze-out contribution
from mesonic sources and the radiation from first chance bary-
onic contributions (N — N -reference)(see text for details). Bot-
tom: Dielectron excess yield extracted by subtracting the meson
contributions as well as the N — N reference normalized to the
number of neutral pions. Red curve:thermal fit, dashed curves:
p-meson vacuum line shape from HSD [18] and from SMASH
[19] transport model calculations normalized to the respective
number of neutral pions. Solid green curve: incoherent sum of
all contributions: A — Ne*e™, N — N and m — N bremsstrahlung
and in-medium p (collisional broadening scenario) from HSD .
The dark-blue [19], blue[20] and pink [12] are curves show the
results of three versions of coarse-grained calculations using in p
medium-spectral functions from microscopic calculations [7].

3.1 Radiation from A+A collisions

Heavy ion experiments were conducted with C +C (Ey;,, =
1.0,2.0 AGeV), Ar+ KCI (Ey;, = 1.76 AGeV) and Au+Au
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Erin = 1.25 AGeV collision systems. The results from the
C + C experiments demonstrated that the dilepton produc-
tion in the light system can be successfully described by
a superposition of nucleon-nucleon collisions, measured
in separate runs, without any need to include in-medium
effects [16].

However, in the medium heavy Ar+KCI[17] and truly
heavy Au+ Au system [5] a systematic excess of the radia-
tion over the contributions expected from decays of neutral
mesons (m,17) produced at freeze-out and from baryonic
sources (A Dalitz decays and N — N bremsstrahlung) deter-
mined from N — N reactions (see next section). The latter
is obtained as an average of the radiation measured in p+p
and p + n collisions scaled by the respective number of pi-
ons. The scaling accounts for differences in the number
of participating nucleons in the collision systems. The ex-
cess is clearly visible in comparison of the measured mass
distribution to the aforementioned sources shown in top of
Fig. 4

The excess radiation is shown in the lower part of Fig.4
as a function of the invariant mass in comparison to vari-
ous model calculations (for references see [5]). The pre-
dictions of various models using thermal ansatz and ap-
plying Eq. 1 with the p meson spectral function obtained
from the hadronic models are indicated as CG in Fig.4.
The results explain the measured yield well and confirm a
strong coupling of baryon resonances to the p meson and
consequently its almost complete melting in dense bary-
onic medium (compare to the p vacuum spectral function
shown by dashed lines). This conclusion justifies also a
thermal fit (with function dN/dM ~ M./*exp(-~M,,/kT)
which provides the averaged temperature (k7 = 71.8 2.1
MeV) of the radiating matter. The results of transport
calculations (HSD) which use empirical scaling of the
o meson width with the density also describe data rea-
sonable well (except some overestimation at the meson
pole). This calculation do include, however, explicit con-
tributions from multistep processes in the dense phase
of the collisions involving radiation from A and N - N
bremsstrahlung. These contributions are included in the
hadronic model calculations in the spectral function. In
particular these sources contribute below the two pion
mass cut-off visible in the vacuum spectral function as-
sumed in the HSD calculations (green-dashed line).

These HADES results constitutes an important refer-
ence for the planned beam energy scan within Compressed
Baryonic Matter programme at FAIR and the lowest en-
ergy point in the measurement of dilepton excitation func-
tion.

3.2 Radiation from N-N collsions

The measurement with proton beams with Ey;, = 1.25
GeV provides clean basis for studies of baryonic sources
of dielectron pairs relevant for heavy ion reactions stud-
ied by HADES. The most important are the Dalitz decays
of baryonic resonances N*(A*) — Nee™ and nucleon-
nucleon bremsstrahlung. The meson contribution is lim-
ited to the n° Dalitz decay contributing to the dielec-
tron spectrum with invariant masses smaller than the pion

mass. The exclusive final states ppe*e™ and pne*e, sepa-
rated in the p+ p and quasi-free p+n collisions (from p+d)
at the same energy allowed also for the direct comparison
of the two collisions systems.

In p + p collisions the dilepton pairs with invari-
ant masses M., > 0.15 GeV/c? are consistently ex-
plained by the A* — Ne*e™ decay, with only small p — p
bremsstrahlung contribution (see Fig. 5). This has been
concluded from the combined analysis of the one pion
(ppr®, pnr*) and the dielectron (ppe*e™, ppe*e™y) exclu-
sive final states [21],[22]. The latter allowed to access both
A — pr(e*e™y) and AT — pe*e” Dalitz decay channels.
The A Dalitz decay was identified for the first time with the
branching ratio BR = (4.19 +0.62syst. + 0.34stat.) x 107,
The A isobar production cross section was determined
from the energy dependent Bn-Ga PWA analysis per-
formed on the HADES one pion channels and 13 data sets
measured at PNPI at lower energies [22]. The PWA anal-
ysis shows that at the energy of /s = 2.42 GeV the domi-
nant contribution is given by the production of A(1232) in
the intermediary state (= 70% of the total cross section in
the ppn® final state). The remaining part originates from
the Roper excitation with a small non-resonant contribu-
tion.

Fig. 5 shows comparisons of the pz° invariant mass
distribution reconstructed from the hadronic final state
(open squares) and the dielectron A — pr°(e*e™y) (black
dots) to the PWA solutions (blue histogram). One can see a
very good agreement between the data from the two reac-
tion channels and also to the PWA solutions both in shape
and in absolute scale (note that dielectron channel was not
included in the PWA analysis). Similar conclusion was
drawn from all studied differential distributions (invariant
mass, angular distributions in the helicity and Gottfried-
Jackson frames), for details see [21].
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Figure 5. Dielectron data points after acceptance and branching
ratio for 1% — e*e™y decay corrections (black dots) compared
with the data from the exclusive ppa° channel (red open squares).
The histogram shows total PWA solution (solid blue) obtained
for the hadronic channel
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Figure 6. Upper: Dielectron invariant mass distribution from p+
p collisions at Ey;, = 1.25 GeV compared to calculations using
the A (model of Ramahlo and Pena (R&P)-blue [23] and for the
point-like A (QED-cyan), n° Dalitz and p + p bremsstrahlung.
Bottom: Ratio of the measured dielectron invariant mass from
the A(1232) — pe*e™ decay to the model of point-like particle
(QED) compared to the Ramahlo and Pena (R&P) full model
(blue) and assuming dominance of the photon-quark core (black
dashed) and photon-pion-cloud contributions (red dashed) (see
text and [21] for details).

From the measured differential mass distribution a ra-
tio of the data to the calculations of A(1232) Dalitz de-
cay assuming constant etFF |G| = 3 (value at the photon
point) G = G¢ = 0, labelled in Fig. 5 as QED, have
been calculated. A slight increase of the effective etFF as
a function of the photon virtuality (¢* = M,,..) can be
clearly seen in Fig.6. This is in agreement with the co-
variant quark model of [23] assuming significant contribu-
tion from the virtual photon-pion cloud coupling. In the
model this coupling to the p meson is much stronger than
to the quark core (compare dashed black and red dashed )
and produces the aforementioned enhancement. Further-
more, since the N — A transition in the spacelike region
is dominated by the spin-flip magnetic transition it can be
expected that the dominant role in the measured low ¢ re-
gion is played by G/(¢%) and consequently that the virtual
photons are preferentially transversally polarized.

This conclusion is corroborated by the analysis of the
angular distributions of either of both leptons in the rest

B = 1.17 £ 0.34 confirms the expectation.

However, the n + p data exhibits a very different shape
above 7° mass as compared to the p + p measured at the
same energy (see Fig. 7) [25]. This can be clearly recog-
nized as an apparent excess above the A contribution (red
dashed line), which has a similar shape for the two reac-
tions but explains the p + p data very well. This finding
was not completely unexpected since various calculations
of N-N bremsstrahlung, defined here as the non-resonance
contribution that has to be added coherently to the A exci-
tation, performed already in the 90’s in the framework of
One Boson Exchange (OBE) models [26],[27], [28] pre-
dicted a stronger contribution of this non-resonance dilec-
tron production in the neutron-proton interactions. How-
ever, the calculations showed a strong sensitivity of the di-
electron yield on the off-shell electromagnetic form factors
of nucleons, and on the etFF of A(1232). Also modelling
of nucleon-nucleon interaction requires form-factors to
dress the respective vertices and various nucleon-meson
coupling constants which needs to be fixed from experi-
mental data. While the latter could be fixed to some extent
from the data on meson production close to the thresh-
old, the first ones can only be inferred from the dilepton
data. It is therefore not surprising that the model predic-
tions could not explained both dielectron exclusive chan-
nels p + p and n + p because the relevant precision data
were missing. This has changed with the new HADES
data and the most recent calculations performed by [29]
in OBE which account almost completely for the missing
yield (dashed-dotted blue line in Fig. 7) and explain also
p + p data. In this calculations it was found that an impor-
tant role is played by graphs accounting for the radiation
from charged pion exchange line. It has been also empha-
sized that the electromagnetic pion form factor, dominated
by the p meson, plays an essential role in the successful
description of data. This is another example of sensitivity
of dielectron radiation to the etFF’s of hadrons in timelike
region.

The alternative model of [30] assuming AA — pnp —
npe*e” has been put forward for the explanation of n + p
data. It is shown by the solid green line in Fig.7. The
salient feature of both calculations is the transition from
the A Dalitz dominated region 0.14 < M, < 0.28
GeV/c? to the higher mass region which is dominated by
the off-shell p contribution.

Although both models do not provide more differen-
tial information, this behaviour seems to be corroborated
by the electron angular distributions in the helicity frame.
Whereas, see Fig. 8, in the lower mass region the distri-
bution reveals the characteristic 1 + Bcos*(6;) shape with
B =~ 1, measured also for the A in the p + p, at larger in-
variant masses the distribution changes character and the
anisotropy parameter takes the value B = 0.25 + 0.35.
This can be interpreted as dominance of the emission from
the meson line through the off-shell p meson. Indeed, the
anisotropy parameters B extracted in the reference frame
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Figure 7. Invariant mass distribution of dielectrons measured in
a quasi-free n + p collisions at Ey;, = 1.25 GeV compared to
the N — N bremsstrahlung model of [29] (blue-dashed) and the
model of [30] (green) decomposed in the A Dalitz (red dashed),
AA fusion and 7° Dalitz (dashed-violet) contributions.
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Figure 8. Angular distributions (black dots) of the leptons in
the rest frame of the virtual photon for the dielectron mass of
0.14 < M, < 0.28 GeV/c? (left panel), and with respect to
the direction of the charged pion exchange for dielectrons with
M.+ > 0.28 GeV/c? (right panel) corrected for the detector ac-
ceptance. The solid green curves display predictions from the
simulations where the dominant source is the A(1232) in the
low mass bin and the p in the high-mass bin (assumed to be
isotropic). The dashed blue curve shows a fit with a function
A(1 + Bcos*(6,))

with z axis fixed along the direction of the exchanged
charged pion becomes slightly negative B = —0.4 + 0.25.
This can can be compared to the value B = —1 expected
for the pion annihilation [24].

Measurements of dielectron production in proton-
proton collisions with Ey; = 3.5 GeV reveal importance
of higher mass resonances [31, 32]. From the one pion
exclusive channels ppn® and pnr* , measured in the same

experiment, cross sections for A and N* resonances have
been estimated by means of a resonance model assuming
two step reaction mechanism with the intermediate res-
onance formation. The resonance model applied in the
HADES analysis was inspired by the calculations pre-
sented in [33] applied in transport models for particle pro-
duction at SIS18 energies. In the HADES model em-
pirical angular distributions for the production of reso-
nances showing a strong forward-backward peaking which
is characteristic for peripheral reactions have been added
in accordance to the measured distributions. A good de-
scription of the experimental data in the detector accep-
tance has been achieved allowing for an extrapolation to
the full solid angle and an extraction of the pion produc-
tion cross sections which are compatible with the word
data (for details see [32]). Recently, the HADES reso-
nance model has been successfully extended to two pion
production (see contribution of A. Belounnas to this con-
ference).

In the exclusive ppe*e™ channel dielectron production
from the baryon resonance Dalitz-decays and two-body
p/w — ete” meson decays have been concluded as domi-
nant sources of the pair production. In particular, a signif-
icant yield below the vector meson pole has been identi-
fied and attributed to the Dalitz decays of A, N* resonances
proceeding through the intermediate p meson state, as ex-
plained in more details below.

Indeed, using estimates of production cross sections
following form the pion analysis contributions to the di-
electron spectrum was calculated. The dielectron yields,
presented with dashed blue line in the upper panel of Fig.9,
were obtained using constant eTFF, as predicted in [13]
[34]. The uncertainty in the production cross sections of
baryon resonances is presented by the grey band spanned
around the dashed line. As one can see, the total contribu-
tion from the higher mass resonances (green line) is larger
than from the A(1232), shown by the red line, and con-
firms importance of higher mass resonances. The model,
however, cannot reproduce the measured yield and sug-
gests strong off-shell vector meson couplings. These cou-
plings modify the decay vertex of the resonance by means
of the respective etFF (see graph (c) in Fig. 2). Since the
mass dependence of the respective eTFF are not known,
an alternative approach for the Dalitz decay of resonances
was applied. It assumes a factorization of the R — pe*e”
process into two steps R — pN and p — e*e” which
could be calculated using the resonance branching ratios to
the pN from PDG (from 2014). Similar approach is also
implemented in transport codes (GiBUU, UrQMD or re-
cently SMASH) to account for the off-shell p meson con-
tributions. Note that on-shell p meson contribution known
from the two-pion production is included in the cocktail
(violet line) but can not explain the apparent excess in the
data, too. The GiBUU calculations utilizing the factoriza-
tion scheme, shown in the lower panel by black line, come
closer to the data and explain also the invariant mass dis-
tributions of the combined system pe*e™. A slightly bet-
ter description is achieved using the same prescription but
the cross section for resonance production extracted from
the HADES resonance model (dotted line). The main dif-



EPJ Web of Conferences 241, 01013 (2020)
NSTAR 2019

http://doi.org/10.1051/epjconf/202024101013

-4
10 e Data
— simulation
n—ye'e
—w—e'e’ é
— p—e'e’

ﬁ '} — A(1232)—>pe'e’
\\‘1’\% ¢ ¢ i %R?pe e
N \\\\ f * $ //
SO /

/

N

—~

el

dN/dM - 1/N_[1/(GeV/c?) |
3

10-6 vl b b e | L \/\ [ R
02 03 04 05 06 07 08
M+ [GeV/c?]

inv

10

r e Data

H — GiBUU-total
— F model1
G rl. — n—e'e’ f
o Y — A(1282)—pe’e’
> | + R—pp—pe‘e’ %

[0)
S
= M WA e S
‘_.E
£ sl
=107 TN
= L
o
o L
= L
©
P I I [/ B A

ol LN L
0.2 0.3 0.4 0.5 0.6 0.7 0.8

M [GeV/c?]
Figure 9. Top: Invariant mass distribution of dielectron pairs
measured in the exclusive channel p + p — ppe*e™ at Ey;, = 3.5
GeV compared to cocktail of baryonic and mesonic sources. The
contribution from baryon resonances is separated into contribu-
tions from A(1232) (red line) and higher mass states (green) as-
suming constant etFF. Bottom: same data compared to calcula-
tions using for the baryon resonance two step decay involving
coupling to intermediate p meson state (for details see text).

ference in the HADES resonance model is a higher cross
section for the N*(1520) (factor 8), slightly lower (factor
2) cross sections of the other resonances (for details see
[32]) and lower branching ratio for the resonance decays
(for details see [32]). The latter one was taken from the
Bonn-Gatchina upper estimates of the R — Np instead of
the respective branching ratios given in PDG (2014). One
should note, that in the recent PDG those values have been
removed and await new experimental input. The contri-
bution of higher mass resonances (dashed green curve) is
given by the decays of N*(1520)(38%), N*(1720)(22%),
A(1620)(15%) and A(1905)(6.5%).

3.3 Pion beams in HADES

Recently, successful measurements were completed with
HADES using secondary pion beams [35]. The pion beam
was obtained from a primary '*N beam with an intensity
of 0.8-1.0x10'! ions/spill impinging on a beryllium (°Be)
target (see Fig.11). Beam intensity for negative pions as a

function of the momentum scaled to the space charge limit
of SIS18 are displayed in Fig. 10 [36].
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Figure 10. Negative pion yields at the HADES target point as
a function of the momentum scaled to the space charge limit of
SIS18.

Produced pions were transported by the beam line
consisting of 9 quadrupole and 2 dipole magnets to the
HADES target located 33 meters downstream from the
production point (see Fig. 11). The maximum pion in-
tensity of 10 pions/spill was achieved at a momentum
p = 1.0 GeV/c. The intensity decreased by a factor 2 for
the pion momentum range p = 0.65 — 0.8 GeV/c investi-
gated in the measurement. Four reference beam momenta
p = 656, 690, 748, 800 MeV/c were selected using dif-
ferent settings of currents in the magnets of the beam line.
The differential transmission distribution of the pions as a
function of the momentum can be approximated by Gaus-
sian with a typical width of ~ 1.7%. Further improve-
ment to reduce the pion beam momentum resolution to
op = 0.3% was provided by a dedicated in-beam tracking
system CERBEROS positioned in the beam line as shown
in Fig.11. The detectors provide (x, y) coordinates of pion
hits, with precision given by the 780um pitch of strips. The
hit coordinates were used to determine the optical proper-
ties of the beam line, which are needed for an event-by
event momentum reconstruction, as described in details in
[35]. The in-beam detector system included also a seg-
mented START detector, made from mono-crystalline di-
amond material, placed in front of the HADES target.

Resonance formation in s-channel with a fixed mass
presents an important advantage of pion induced reac-
tions w.r.t reactions with proton beams where contribu-
tions from many resonances with different masses must
be considered. The measurement was focused on two pion
and dielectron production in the second resonance region
with the main goal to characterize the role of off-shell
p meson couplings to the N*(1520) and N*(1535) reso-
nances [37]. A combination of two-pion with dielectron
decay channels, that can be measured only by HADES, of-
fers an unique possibility to explore baryon resonance de-
cay channels into p and dielectron channels. To isolate the
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p meson decay channels a combined Partial Wave Anal-
ysis of the hadronic channels in pion and photon induced
reactions has been performed within Bonn- Gatchina ap-
proach. The excitation function of the different partial
waves and Ar, No and Np isobar configurations has been
determined. The N(1520) resonance is found to dom-
inate the Np final state with the branching ratio BR =
12.2 + 1.9% [37].

Preliminary results are presented in reports of B. Ram-
stein and I.Ciepal to this conference.
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Figure 11. Pion beam line from the production point (pion tar-
get) to the HADES target position. Quadrupole and dipole mag-
nets guide the pions (the dashed line) through the in-beam track-
ing detectors (indicated by the arrows).

4 Summary and outlook

Our recent studies of the baryon resonances in the ex-
clusive channel NN — NNe"e™ revealed patterns of far
off-shell p production followed by dielectron decay. This
raises the question to what extent the baryon meson cloud
is instrumental in transferring excitation energy into the
vector meson and to virtual photon with the invariant
mass m.+.—. This process is characterized by the inter-
action vertex described by the electromagnetic transition
form-factors of the resonances in the (soft) timelike re-
gion where 0 < ¢% = (Mmere-)> < (Mg — My)? with Mg
and My the resonance and the nucleon mass, respectively.
With the secondary pion beams [35] at GSI/FAIR and the
HADES detector, one has an unique opportunity to ex-
plore radiative and Dalitz decays of baryon resonances
into much more details. The first experiment, studying
two pion and dielectron production in the second reso-
nance region, confirms strong coupling for N*(1520) to the
off-shell p meson in both two-pion and dielectron channel.
The research programme formulated by HADES wihin
FAIR Phase( anticipates an energy scan in the third and
fourth resonance region with high statistic measurements
of neutral and charged mesons and dielectrons. This pro-
gram is also extended to measurements of radiative decays
of baryons containing strangeness [38]. In a similar way,
as for the non-strange baryons Dalitz decays of excited hy-
peron states, A*, Z* in pion and proton induced reactions at
maximum SIS18 energies has been proposed. Especially,
transitions of narrow A(1520) and X(1385) states to A and
dielectron pair seems to be ideal candidates for such mea-
surements. Also high statistics measurements of hadronic
decays of A(1405) and double strange cascades are con-
sidered. In particular, measurements of the controversial

A(1405) in pion-induced reactions, will provide important
complementary information to the one already obtained by
HADES in p + p collisions to constrain the model calcu-
lations and to unravel the nature of A(1405).

HADES results from heavy ion reactions demonstrate
also the particular role played by vector meson-baryon
interactions in the understanding of the dielectron radi-
ation from dense baryonic matter. A better understand-
ing of the coupling of baryonic resonances to interme-
diary p mesons is mandatory to validate emissivity cal-
culations for hadron-resonance matter. Such studies can
therefore pave the way for searching new states of matter
with the upcoming Compressed Baryonic Matter program
at FAIR’s SIS100.
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