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Abstract. The HADES collaboration uses the e*e™ production as a probe of the
resonance matter produced in collisions at incident energies of 1-3.5 GeV/nu-
cleon at GSI. Elementary reactions provide useful references for these studies
and give information on resonance Dalitz decays (R—Ne*e™). Such processes
are sensitive to the structure of time-like electromagnetic baryon transitions in
a kinematic range where (off-shell) vector mesons play a crucial role. Results
obtained in proton-proton reactions and in a commissioning pion-beam experi-
ment are reported and prospects for future pion beam experiments and for first
hyperon Dalitz decay measurements are described. The connection with the in-
vestigations of medium effects to be continued with HADES in the next years
at SIS18 and SIS100 is also discussed.

1 Introduction

The main objective of experiments with the High Acceptance Di-Electron Spectrometer
(HADES) [1, 2] at GSI is the study of hadronic matter in the low temperature (T< 80 MeV)
and large density (up to 3 times the normal nuclear matter density) region. The study of this
part of the QCD phase diagram attracts an increasing interest, because of its similarity with
the hadronic matter produced in the collision of dense stellar objects. In addition, exotic phe-
nomena are predicted [3], which need to be checked experimentally. Dielectrons are used as
one of the favored probes for hadronic matter studies, to investigate in particular in-medium
vector meson spectral functions, which are expected to be modified, due to the coupling of p
mesons to resonance-hole states [4].

The HADES experimental program using elementary reactions (pp, "quasifree" np and
more recently 7N reactions) provide useful reference spectra for the interpretation of medium
effects. In particular, the role of the p mesons in the Dalitz decays of baryonic resonances
(R— Ne'e™) is investigated. By studying these processes, insight can be gained into the elec-
tromagnetic structure of baryonic transitions in the time-like region at small four-momentum
squared Mgezq2 € [4mf,, (Mg — My)?*], where M,,, m,, My and My are the electron, reso-
nance and nucleon masses, respectively. The ultimate goal of studying the Dalitz decays is
to extract q> dependent electromagnetic form factors or equivalently helicity amplitudes [5]
in the time-like region for individual baryon transitions, to get similar information as the one
provided in the space-like region using electron scattering experiments [6]. This contribution
is organized as follows. Some results from nucleon-nucleon and from pion-induced reactions
are described respectively in Sec. 2 and Sec. 3. Prospects for future experiments, in the con-
text of the FAIR Phase-0 program to study hyperon Dalitz decays are discussed in Sec. 4.
Finally, Sec. 5 deals with the connection to the medium effects studies.
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2 Selected results from pp reactions
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Figure 1. Left: Ratio of the e*e™ invariant mass distribution in the pp — ppe*e™ reaction at 1.25 GeV
expected for a point-like "QED’) transition and the predictions with form factor models [7] (1&W)
(dashed dark green) and [8] (R&P) (full blue: total, dashed red: meson cloud contribution, dashed black:
quark core contribution) (see [9]). Right: Dielectron invariant mass distribution in the pp — ppe*e X
reaction at an incident energy of 3.5 GeV compared to simulation results. For the baryon Dalitz decay
(green curve), point-like BNy* couplings are used and the resonance production cross sections are fixed
using pionic channels. For details, see [10].

Using pp reactions at an incident energy of 1.25 GeV, the branching ratio of the A(1232)
Dalitz decay (A—e*e™) could be measured for the first time [9] and has been subsequently
included in the review of the Particle Data Group [11]. The extracted value BR = 4.19+0.62
(syst) + 0.34 (stat) X107 is compatible with a calculation using constant form factors values
fixed at q>=0. Nevertheless, the e*e™ invariant mass spectrum shows some sensitivity to
time-like N-A(1232) transition form factors [8, 12] close to the kinematical limit (q2> 0.1
GeV?) (fig. 1 Left). The best agreement is obtained in the model of [8], by considering only
the meson cloud component which couples to the virtual photon either directly or via a virtual
p meson. The non-resonant pp bremsstrahlung contribution was estimated using OBE models
[13, 14] and the A(1232) production amplitude was constrained by the Partial Wave Analysis
(PWA) of the one-pion production channels [15].

A significant excess of the e*e™ yield measured in the np reaction at the same energy with
respect to the expected baryon contribution is observed [16, 17]. It explains a long standing
puzzle related to the large e*e™ yield observed in light ion systems. While contributions from
np — de*e” process can contribute to the inclusive production [18, 19], the detailed analysis
of the pn—pne*e™ reaction shows results consistent with interpretation based on the effect
of time-like pion electromagnetic form factor in charged currents, associated either to the
non-resonant pn bremsstrahlung [18] or to the AA interaction [20].

In the pp reactions at 2.2 and 3.5 GeV, the effect of time-like transition form factors of
the Vector Dominance Type was clearly observed ([21] and references therein) as an excess
of dielectron production for invariant masses below the vector meson pole mass with respect
to calculations including constant (point-like) RNy* couplings. A detailed study of the bary-
onic resonance contribution was performed for pp collisions at 3.5 GeV by combining the
exclusive one pion production (pp — ppa° and pp — pnn*) and dielectron (pp — ppe*e)
channels [10]. An analysis of the pp—ppn* 7~ reaction at 3.5 GeV is on-going, as described
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in more details in a contribution at this conference [22], which, in addition to single-baryon
excitation, provides interesting information on double resonance excitation, off-shell and on-
shell p production.

3 Pion beam experiments

One important advantage of studying baryon Dalitz decays with pion-nucleon interactions
with respect to proton-proton collisions is that, in the dominant s-channel process, resonances
are produced at a fixed mass, hence reducing the overlap between resonances of different
masses. In addition, since the 1N — Ny* reaction and the y*N — Nr reactions are related
by crossing symmetry, inputs from known pion photo- or electroproduction amplitudes can
be directly used to fix e*e™ production amplitudes. Besides, the simultaneous measurement
of hadronic channels can complement the very poor existing data base for pion induced reac-
tions. The combination of the GSI secondary pion beam covering momentum range between
0.6 and 1.7 GeV/c, corresponding to baryon masses of 1.43 to 2 GeV/c? with the multipur-
pose HADES detector represents a unique facility in the world and the new HADES program
with the pion beam is of special interest in view of existing plans for meson beam facilities
for baryon spectroscopy at J-PARC [23] or EIC [24].

Recently, the GSI pion beam line, including beam tracking detectors [25] was used by
the HADES collaboration in a commissioning experiment, exploring two different physics
topics: the study of strangeness production and absorption in cold matter in 7+C and 7+W
reactions at an incident momentum of 1.7 GeV/c, as presented in this conference [26] and the
measurement of hadronic and electromagnetic baryon couplings in the region of the N(1520)
resonance, using a pion beam with momentum around 0.7 GeV/c. For the latter study, a
long data taking period was devoted to e*e™ production measurement, using a polyethylene
target (CoHy4) and a pion beam with a momentum of 0.69 GeV/c. Three other measurements
with smaller statistics were also performed at pion beam momenta of 0.656, 0.748 and 0.8
GeV/c in order to provide new data on double pion production for Partial Wave Analysis.
Measurements with a carbon target were also realized simultaneously, which allowed for a
precise subtraction of interactions with carbon nuclei in the polyethylene target in the case of
pion production channels, but not for electromagnetic channels, due to the limited statistics
of the carbon target measurement. Differential distributions with an unprecedented precision
were provided in the 7*7~n and 7°7~ p channels and were included in a recent PWA in order
to extract branching ratios of N(1440), N(1520), N(1535),... in the different 27 channels (pN,
oN, Ar) (see [27] and [28] at this conference).

The e*e™ invariant mass distribution measured in the inclusive e*e™ production in the
n+C,Hy target is presented in the left part of Fig. 2. The prominent peak at low e*e™ in-
variant masses is due to the 7° Dalitz decay (n°— ye*e™). In addition, the 5 Dalitz decay
has a significant contribution, arising from interactions on carbon nuclei due to the Fermi
momentum. These mesonic contributions can be suppressed by applying e*e~ invariant mass
(M., > 0.140 GeV/c?) and missing mass (0.9 < MM < 1.04 GeV/c?) cuts which select events
corresponding to the free or quasi-free 7-p— n e*e” reaction. The number of events in the
missing mass range between 0.9 and 1.04 GeV/c? amounts to about 1500, with an estimated
contribution of about 66% of quasi-free 7~ p interactions in the carbon nucleus. The e*e”
invariant mass spectrum presents a significant excess above the contribution of baryon Dalitz
decays calculated for point-like objects, which signals electromagnetic form factors of the
Vector Dominance Model type. Interestingly, this excess is consistent with the electromag-
netic decay of off-shell ps, as deduced from the PWA of the 27 channels.

Further information can be deduced from the analysis of the angular distributions (right
part of Fig. 2). The density matrix formalism [29] provides a convenient parametrization of
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Figure 2. Dilepton production in the 7~+CH, reaction at 0.69 GeV/c. Left: inclusive e*e™ invariant
mass distribution. Right: The exclusive 7~ p—ne*e™ reaction is selected using missing mass. The
distribution of the lepton angle 6,; in the y* reference frame is shown for y* angles in the center-of-mass
in the bin 0 < cos(ﬁff” ) <0.5. The red curve represents the result of the fit weighted by acceptance and
efficiency.

the amplitudes |A| at a given value of M., and emission angle of the virtual photon, with three
independent coefficients, that can be extracted from a fit. The results could be compared
to predictions of models, like for example the recent Lagrangian model of [29]. While the
electromagnetic form factors for individual transitions can not be extracted yet from this
analysis, these results constitute the very first information about the baryon electromagnetic
transitions in the time-like region and can be compared to model predictions, and in particular,
check the validity of the VDM approach in the electromagnetic channels.

The HADES collaboration plans to use the same procedure in future experiments in the
Vs = 1.7 GeV/c? region, where the emission of e*e™ pairs, of real photons, thanks to a new
Electromagnetic Calorimeter based on lead crystals that has just been installed, and various
mesons (7°,w, 7, kaons, ...) will be measured. These experiments will also benefit from the
enhanced RICH detector efficiency provided by the new CSI photon detector. The aim is to
measure about 10* e*e™ pairs with mass larger than the 7 mass to have enough statistics for
a accurate analysis of invariant mass and angular distributions. In further future, the region
of /s =2 GeV/c? can also be investigated to focus on A(1405).

4 Future hyperon studies

Only scarce information exist on the electromagnetic structure of hyperons. Elastic electro-
magnetic factor factors have been measured in ete”— YY reactions by BABAR for Y= A
and X° for q? between the threshold and 9 GeV? and by CLEO for Y= A?, 20+, 20+ Q" at
g*>= 14 and 17.4 GeV?, showing a sensitivity to quark correlations and new measurements
from BES III are being analyzed ([30] and references therein). After 2020, the HADES col-
laboration plans to start a program to measure hyperon radiative and Dalitz decays (Y’ — Y,
Y’—Ye*e™) which will provide complementary information for low g in the time-like re-
gion. One open question is the relevance of VDM in the hyperon sector [31], which plays
an important role in the non-strange baryon sector, as pointed out above. Since most of the
hyperons are narrow, they can be identified by the invariant mass of their decay products and
their abundant production in proton-proton reactions (about 130 ub for A(1520) at 4.5 GeV)
or proton-nucleus reactions can be used. HADES can study their weak decays, as well as
radiative and Dalitz decays of hyperons. These measurements will benefit from the on-going
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upgrade of the HADES set-up. In particular, the possibility to detect forward emitted protons
with the new Straw Tube detector will be exploited and the Electromagnetic Calorimeter will
be essential for the measurement of radiative decays. The increased acquisition rate (up to
200 kHz) is also needed to record enough statistics for the rare Dalitz decays. As described in
detail in a poster at this conference [32], dedicated simulations have been performed for the
A(1520)/A(1405)/%(1385) — A e*e Dalitz decay. In four weeks, 4300 Ae*e™ events with
e*e” invariant mass above the 7° mass can be selected after all analysis cuts. HADES studies
will allow in particular to compare the results for SU(3) partners like N(1520) and A(1520)
or £(1385) and A(1232) to get information about the sensitivity of baryon electromagnetic
structure to the strange quark content.

Proton-proton reactions at 4.5 GeV can also be used to elucidate the Z~(1321) production
mechanism. An unexpectedly large sub-threshold production of the Z~ resonance has indeed
been measured in ArKCl and pNb reactions ([2] and references therein) and reference mea-
surements in the nucleon-nucleon system are needed to test possible explanations related to
the contribution of high mass resonances [33]. The =~ is identified via its decay into A and
7~ pair, with the subsequent decay of the A into a pa~ pair. Assuming a cross section of 4.8
ub, 2.8 10° E- are expected in four weeks of beam time, with a S/B close to 1, which will
allow for an accurate measurement of differential distributions.

5 Connection with the HADES hadronic matter program

Experiments with elementary reactions are essential for the interpretation of medium effects
which constitute the main goal of the HADES experiments [2]. The coupling of baryonic
resonances to the p meson is indeed an important ingredient of calculations of the emissivity
of hadron resonance matter. The intrinsic structure of baryons in terms of meson cloud and
quark core is also essential to understand how new states of matter can develop in high density
conditions. Many other observables (strangeness, flow, particle correlations, fluctuations,: - - )
are also exploited to characterize the dense matter and are compared to results from experi-
ments at higher energies at SPS, RHIC or LHC. After successful investigations of the C+C,
Ar+KCl, p+Nb reactions and more recently of the Au+Au, 77+W and 7~ +C systems [2], an
experiment aiming at measuring the Ag+Ag system at 1.65 GeV/nucleon will be performed
in the near future. Cold matter studies are also foreseen in pion and proton induced reactions
in the next years. The possibility of HADES to measure low-momentum pairs is a great ad-
vantage to study medium effects, such as modifications of the p meson spectral function and
w and ¢ meson absorption [2]. Thanks to the high performances and the versatility of the
HADES set-up, other measurements like the dark photon search [34] have also been success-
fully addressed. With the adjunction of neutron detectors at backward angles, HADES will
also be well suited to investigate nucleon configurations at high relative momentum related
to Short Range Correlations in proton-nucleus reactions, a measurement which can be per-
formed after 2020 simultaneously to cold nuclear matter studies. The HADES collaboration
will then continue the investigations of the hadronic matter using the SIS100 beams up to 4-6
GeV/nucleon, in complement to the CBM set-up, which is optimized for higher energies.
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