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1. Introduction

The study of in-medium properties of hadrons and, in general, the properties of nuclear matter
at high densities and temperatures is one of the main objectives in relativistic heavy-ion physics.
It is expected that the vacuum-properties of a single hadron are modified once it is placed in nu-
clear matter. To explore these phenomena an appropriate experimental approach, sensitive to the
in-medium effects, and a quantitative theoretical treatment describing the change of hadron proper-
ties in the nuclear medium are essential. The low mass vector mesons p, ® have been suggested as
one of the suitable probes for studying in-medium hadron modifications, because of their short life
time. Additionally, the decays of vector mesons into di-electrons offers a unique experimental way
to learn about the in-medium modifications, as the di-electrons carry out undisturbed information
from the dense and hot nuclear matter. On the other hand, electromagnetic signals are very difficult
to reconstruct, mainly due to the huge hadron background and low branching ratio of the electro-
magnetic channels. The dileptons measured in the detection system encode information about all
emission processes integrated over the whole collision history. With precise knowledge of particle
yields at chemical freeze-out, obtained from hadronic observables, it is however possible to sub-
tract the late contributions from the pair spectrum. Using elementary collisions one can learn about
contribution from first-chance collisions. Finally, the in-medium component can be reconstructed.
Another, very attractive experimental probe to study the high density phase of nuclear matter are
strange particles. In particular, from the subthreshold K™ production tight constraints can be put
on the nuclear equation of state at matter densities of 2-3 pg [[M]. Furthermore, it has been demon-
strated that the kaon phase space distributions and flow patterns are sensitive to the in-medium
kaon potential []. The SIS energy regime (incident energies around 1A GeV) is very interesting
because pions are mainly produced in direct NN collisions, whereas kaons are dominantly pro-
duced via collective effects which are challenging for theoretical description. In elementary NN
collisions strange particle production is well understood in contrast to heavy-ion reactions where
multi-step processes play an extraordinary role.

The High Acceptance Di-Electron Spectrometer (HADES) [B] located at the heavy-ion synchrotron
SIS18 at GSI Helmholzzentrum fiir Schwerionenforschung in Darmstadt, Germany, offers a unique
capability of performing high quality di-electron and hadron identification with very good perfor-
mance of vertex reconstruction, which is essential for measuring off-vertex decays. Thus, the
HADES group has been actively participating in the study of nuclear matter properties by means
of di-electron measurements, as well as the strange particle production.

This report reviews the recent HADES experimental findings in the dilepton and hadron section
and is organized as follows: In section 2 the HADES Spectrometer is described. Section 3 fo-
cuses on dilepton pair production in heavy-ion and proton induced reactions. Section 4 reports on
strangeness production measured with HADES. The future HADES at FAIR (SIS100) experiments
are described in section 5. Finally, the paper is summarized in section 6.

2. HADES Spectrometer

HADES is a di-lepton spectrometer specially designed to operate at the 1-2 AGeV heavy ion
synchrotron facility of GSI, Darmstadt and is described in details in reference [B]. In the design
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of the spectrometer, particular emphasis has been given to a good mass resolution (6 M;,,/M;,, ~
1%(0)), an electron-positron, proton and pion identification capability over a broad momentum
range (0.1 < p < 1.5GeV/c) and a large geometrical acceptance (2pair ™~ 35% of full solid angle
at M- 0.5 GeV).

A cross section of the detector configuration is shown in Fig. [. Beam ions are incident on a seg-
mented target located in the center of a gaseous Ring Imaging Cerenkov (RICH) detector used for
e™ /e identification. The spectrometer consists of a toroidal magnet with 6 coils centered on the
beam axis and six identical detection sections mounted between the coils which cover polar angles
from 18 to 85°. These detection sections are used to detect and track reaction products from the
nuclear collision zone with a set of Multiwire Drift Chambers (MDCs) and a Multiplicity Electron
Trigger Array (META) which consists of a segmented Time Of Flight wall and a PreSHOWER
detector covering forward polar angles.

Particle tracking and momentum determination are performed by four planes of MDCs, two of
them located in front (inner MDCs modules) and two behind the magnetic field (outer MDCs mod-
ules).

The charged particle identification procedure combines the information from the tracking detectors
(momentum, dE/dx) and META measurements (Time-of-Flight, dE/dx). The RICH detector, com-
posed of a gas radiator, a spherical mirror and a position sensitive photon detector, serves as the
central lepton identification device. At SIS beam energies the RICH detector is hadron blind due
to the low Cerenkov threshold ( % = 18.3) of the C4F( radiator gas.

Due to the small vector meson production cross sections and low branching ratios for eTe™ decays
(1074 — 107) a two-level selective trigger is used in HADES. The first-level trigger LVL1 is de-
rived from a fast charged particle multiplicity measurement in the TOF detectors in coincidence
with a fast timing signal from a in-beam diamond detector located 70 cm upstream of the target. A
second-level trigger, based on online matching of hits from leptons in the RICH detector and in the
META detector is used to enhance the di-electron statistics. The attained enhancement in di-lepton
contents per event is of up to one order of magnitude.

TOF 6 > 45° MDCs | TOF 6 > 45°

TOF 6 < 45°

RICH

MAGNET

Figure 1: Layout of the HADES Spectrometer. In the left-hand picture two of the six sectors have been
removed for clarity. On the right-hand side the azimuthal cross section of the HADES setup is shown.
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3. Di-electron probes

The observation of an enhanced yield of low-mass lepton pairs (M, < 1 GeV / c?) extends
back over more than two decades. The enhanced yield, defined as the excess above the contribu-
tion expected from well known hadronic sources, was reported by several groups for reactions in a
large range of bombarding energies. Starting in the Bevalac energy regime (1-2 A GeV) with the
DLS experiment [H] it continued with measurements of the CERES [B] and NA60 [B] collabora-
tions at low and top SPS energies. While the excess observed at SPS energies could fairly well be
described by different transport models involving a significant in-medium modification of the rho
meson spectral function in the hadronic medium [[@], the results obtained at lower beam energies
of 1-2 A GeV [B] could not be satisfactorily reproduced by theoretical models which led to the
so-called "DLS-puzzle" [B].

3.1 Low- and intermediate-mass region

The HADES collaboration has therefore started a systematic investigation of dilepton produc-
tion in the SIS18 energy regime of 1-2 A GeV. In the beginning the focus was on light collision
systems to revisit the "DLS-puzzle". In order to verify the DLS findings an experiment was con-
ducted in which a 1 A GeV '>C beam of 10° particles/s was incident onto a carbon target with
a thickness corresponding to 4.6% of the nuclear interaction length [B]. The measured inclusive
di-electron production in the invariant pair mass region 0.15 GeV/c? < M,, < 0.50 GeV/c? was
considerably stronger than expected from the contribution of 7 meson decays. A comprehensive
comparison of the HADES and DLS results was achieved by a procedure taking the very different
acceptances and trigger conditions of both experiments [H] into account. The resulting differential
cross sections for invariant pair masses and transverse momenta are depicted in figure @ and exhibit
a good agreement of both measurements indicating that indeed the theoretical interpretation of the
data based on model descriptions needs a better understanding of the processes important at this
beam energy i.e. coupling of the p meson to N*.

To gain further insight the HADES group performed measurements of inclusive di-electron pro-
ductionin C + C at 2 A GeV [[[] and in Ar + KCl at 1.76 A GeV [[L].

For both reaction systems a significant excess of di-electron yield above the known contributions
has been extracted. In order to compensate for different trigger settings, which influence the cen-
trality selection in various collision systems, all measured yields were extrapolated to the full solid
angle and were normalized to their respective average multiplicity of A, of participating nucle-
ons. Figure B shows for all available reaction systems a compilation of the respective pair yields
integrated over the mass region M,, = 0.15 - 0.5 GeV/c? and exceeding expected 1 - and vector
meson contributions. The figure contains also the TAPS results on inclusive 7° and 1 multiplic-
ities measured in photon calorimetry [, [3]. The resulting excitation function of meson and
di-electron production for light and medium mass systems leads to the conclusion that the low
mass di-electron excess yields show a similar trend as the measured pion multiplicities. This hints
to an important role of low-energy processes like pion production and propagation involving the
A resonance as well as NN bremsstrahlung [I4]. A strong virtual bremsstrahlung contribution to
the pair yield mainly from n+p interactions was suggested by effective model calculations done
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Figure 2: Dilepton cross sections measured in C + C at 1 A GeV by HADES and at 1.04 A GeV by DLS,
as a function of invariant mass (left panel) and transverse momentum (right frame). Both distributions are
shown within the DLS acceptance to allow for direct comparison. Analysis details are given in [H].
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Figure 3: Multiplicity of excess yield per participant as a function of beam energy for HADES Ar + KCl
and C + C data [8, [] as well as for DLS data [A]. The n° and 1 multiplicities from TAPS measurements
[, 3] are shown. For easier visual comparison the multiplicity of excess yields are overlaid with the
down-scaled 7° multiplicity. For details see text and [ICT].

by various authors [[3, IA]. The HADES high quality results on dilepton production in p+p and
d+p interactions at Eg;, = 1.25 GeV, i.e. just below the free eta meson production threshold, gave a
chance to understand the n+p bremsstrahlung contributions to the di-electron spectra at these low
bombarding energies. Although the initial attempts based on the one-boson exchange model (OBE)
to describe these results did not fully succeed, more recent OEB calculations [[] come close in
describing the HADES p+p and n+p data.

3.2 High-mass pairs from omega decays

The high-mass di-electron pairs are of particular importance as it is expected that the study
of the omega signal provides insight into in-medium vector meson modifications. The di-electron
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data in the Ar + KCI run show a pronounced @-meson signal (see figure B) and was observed
for the first time at a beam energy well below the production threshold in free N + N colli-
sions (Eﬁ\;f;’ = 1.89 A GeV). The reconstructed signal in the @-pole mass region contains about
40 pairs, which does not allow any analysis of in-medium modifications. The signal peak position
M,, = 0.770+ 0.011 GeV/c? and the width of 6, = 0.022+0.010 GeV/c? are determined by the in-
trinsic resolution of the HADES tracking system and indicate that most of the reconstructed omega
candidates decayed after having left the reaction zone.

In a subsequent experiment campaign the HADES group has measured with high resolution and
good event statistics inclusive di-electron invariant mass distributions in proton induced reactions
on hydrogen and nuclear targets. The data for the elementary p + p collisions at E = 3.5 GeV kinetic
beam energy [[@] are compared to theoretical predictions and allow to construct a reference spec-
trum for the extraction and possible interpretation of effects in the p + *>Nb system, in particular in
terms of vector meson production. An clear @-meson signal is seen in the p + *>Nb reaction also
and preliminary results of the respective data analysis are presented in these proceedings [[H].

51

0 Ar+KCI 1.76A GeV

M, = 0.770+ 0.011 GeV/c?
0, =0.022+ 0.010 GeV/c?
Ny/N=(1.9+0.8)x 10°

1/N o dN/dM,, [(GeV/c?)T
il =

Figure 4: Dilepton invariant mass (high-mass region) distribution measured by HADES in Ar + KCl reac-
tions at 1.76 A GeV. For the first time in this energy region a signal of the direct omega vector meson decay,
® — e e has been observed in heavy-ion collisions. For analysis and normalization details see [ICT].

4. Hadron production measured with HADES

Although HADES was designed primarily for di-electron measurements, it has also shown an
excellent capability for the identification of charged hadrons like p, 7,7~ and K*,K~. Hence,
their production together with those of K—n*n~, A—»prn~, ¢—K K~ and even E—Ax~ has
been studied in detail for the Ar+KClI system [PO] at E=1.756 A GeV. The measured yields and
slopes of the transverse mass of kaons and A particles have been found to be in good agreement
with the results obtained by KaoS [I01] and FOPI [I2]. The dependencies of the measured K~ /K™
ratio on the centrality and on the collision energy follow the systematics measured by KaoS [Z0]
too.
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A combined and inclusive identification of K™K~ pairs and ¢ mesons was performed for
the first time in the same experiment at a subthreshold beam energy for K~ and ¢ production.
The obtained ¢ /K~ ratio of 0.3740.13% indicates that 18+7% of the kaons stem from ¢ decays.
Since the ¢ mesons reconstructed via the K*K~ channel are those coming mainly from decays
outside the nuclear medium, this value should be considered as a lower limit. In addition, non-
resonant K™K~ pair production can contribute to the total measured K~ yield. So far, this part
is not known in heavy-ion collisions, but has been measured in elementary p+p collisions by the
ANKE collaboration [[3] and contributes to about 50% of the overall KK~ yield. In this respect, a
complete description of the overall K~ production in heavy-ion collisions at SIS energies requires
both, the proposed strangeness exchange mechanism and the KK~ pair production processes
mentioned above.

4.1 Comparison to statistical models

The yields of reconstructed hadron species have been extrapolated to the full solid angle and
compared to the result from a fit with the statistical model THERMUS [4]] as shown in Fig. B.
The measured yields agree well with the results of the model, except for the Z~. One should note
that in this approach a good description of the ¢ meson yield is obtained without assuming any
strangeness suppression for the ¢ (net strangeness content of the ¢ is S=0). This is very different
as compared to higher energies where the ¢ meson does not behave as a strangeness neutral object
but rather as an object with net strangeness between 1 and 2 [2F].

102 = 3 T T T T T T = T 1 T
—e— ® Data, Vs =2.61 GeV 7 L @ RHIC/SPS/AGS (a) 2
10 T=75.8+2.1MeV, |1 =799.4+21.6MeV| 200 /i RHICISPSIAGSISIS (0]
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Figure 5: Hadron multiplicities (extrapolated to full ~ Figure 6: Chemical freeze-out parameters obtained
solid angle) measured by HADES in Ar+KCl colli-  in the statistical thermal model (for details see [B2]).
sions at 1.756 AGeV compared to the THERMUS  The HADES point corresponds to Ar+KCl colli-
model [24] calculations. sions at 1.756 AGeV.

The &~ baryon yields measured in heavy-ion collisions above the production threshold at
RHIC [E8], SPS [22] and AGS [28] nicely agree with the statistical model predictions. On the con-
trary the result of the first =~ measurement below the production threshold published by HADES [Z4],
shows a deviation of about an order of magnitude from the calculations (Fig. H). Using the
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measured hadron multiplicities, the statistical model predicts that the chemical freeze-out of the
Ar+KCl collision at 1.765 AGeV occurs at a temperature of T=75.8+2.1 MeV and at baryon chem-
ical potential of ©=799.4+£21.6 MeV. A strangeness correlation radius [B2] of R, =2.24+0.2 fm was
obtained, which is significantly smaller than the radius of the fireball R ¢iepq;=4.14-0.5 fm.

The parameters of the obtained freeze-out point can be compared to the results from other experi-
ments which are characterized by a striking regularity shown by particle yields at all beam energies
[BO], as presented in Fig. B. For all available energies, starting from the highest at RHIC down
to the lowest at SIS18, the measured particle multiplicities are consistent with the assumption of
chemical equilibrium which sets in at the end of the collision phase. Only few parameters are
needed within a thermal-statistical model to describe particle yields in a very systematic way at a
given collision energy. As one can also see, almost all experimental results are in good agreement
with a fixed-energy-per-particle condition < E >/< N >~ 1GeV, which is one of the available
freeze-out criteria [Bd].

The freeze-out point obtained from the Ar + KCl reaction [BZ] slightly differs from the the striking
regularity shown by particle yields, as presented in Fig. B. A similar effect was also observed for
FOPI results from Al+Al at 1.9 A GeV. This small discrepancy can be caused by the light collision
systems since these have a tendency to show higher freeze-out temperatures [BT].

5. HADES at FAIR

With beam energies available from the present SIS18 (1-2 A GeV) accelerator one can in-

vestigate nuclear matter at inverse slope parameters (temperatures) of T = 40-90 MeV and baryon
densities of 1-3 pg. As shown in the previous sections, the focus of the present HADES experi-
mental programme is to perform a systematic investigation of this warm and dense region in the
QCD phase diagram, utilizing meson, di-electron and hadron production in N+N, p+A and A+A
collisions.
The beam energies of the planned SIS100 accelerator in future FAIR facility will allow to reach
nuclear matter densities exceeding substantially those achievable at SIS18, while the fireball tem-
peratures are expected to still remain below those estimated for the transition to the quark-gluon
plasma. Exploring this region of the phase diagram is the main purpose of the proposed future
HADES programme at FAIR. So far, there are no data on dilepton production available for the
energy regime between 2 and 40 AGeV. Hence, this regime is "terra incognita" for di-electron mea-
surements. From the experimental point of view, the challenges in terms of particle rates, track
densities and background sources are comparable to those faced already now at SIS18 and can be
accomodated by the HADES spectrometer after small detector modifications. While the present
HADES set-up is operating near the light vector-meson production thresholds, the higher SIS100
energies will lead to significantly enhanced production of vector mesons. Therefore, the extension
of the HADES physics programme to higher energies is a natural and very promising option.

6. Summary

+

The HADES experiment has provided systematic results on e"e~ production in elementary

and heavy ion collisions. The analysis of C+C collisions at 1 A GeV delivered high quality data and
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confirmed the old DLS findings indicating significant lack of knowledge on the dilepton production
processes at these low bombarding energies. The sets of heavy ion experiments supplemented by
proton induced reactions delivered a better understanding of the origin of the measured pair ex-
cess and point to the importance of low-energy processes like pion production and bremsstrahlung.
The recently obtained very good agreement between measured di-electron spectra in p+p and n+p
collisions and OBE models improved significantly the understanding of the measured data. The
signal from direct ® - meson decays measured for the first time in the SIS18 energy range demon-
strated the excellent performance of the HADES spectrometer in terms of mass resolution, particle
identification and DAQ system.

The HADES results on strangeness production shed new light on the understanding of kaon
production mechanisms in HI collisions, by providing compelling evidence that the contribution
from the ¢ decay to the K~ yield has to be also taken into account. The measured hadron yields
have in general been found in good agreement with statistical model predictions, besides the &,
which is produced far below its production threshold and shows a considerable deviation from the
statistical model.

Measurements with heavier systems like Au+Au are prepared for the near future at SIS18 and
will deliver together with experiments at the planned FAIR facility new valuable data on di-electron
and strangeness production. The HADES spectrometer is presently been upgraded to increase its
performance and rate capabilities. An additional Forward Wall detector will allow for reaction
plane reconstruction in all upcoming runs, in particular allowing to study kaon flow observables as
well.
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