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EXPLORING BARYON RICH
MATTER WITH HEAVY-ION COLLISIONS

Collisions of heavy nuclei at (ultra-)relativistic energies provide a fascinating opportunity to
re-create various forms of matter in the laboratory. For a short extent of time (107°% s), matter
under extreme conditions of temperature and density can exist. In dedicated experiments, one
explores the microscopic structure of strongly interacting matter and its phase diagram. In
heavy-ion reactions at SIS18 collision energies, matter is substantially compressed (2-8 times
ground-state density), while moderate temperatures are reached (T < 70 MeV). The conditions
closely resemble those that prevail, e.g., in neutron star mergers. Matter under such conditions
is currently being studied at the High Acceptance DiElecton Spectrometer (HADES). Important
topics of the research program are the mechanisms of strangeness production, the emissivity of
matter, and the role of baryonic resonances herein. In this contribution, we will focus on the
important experimental results obtained by HADES in Au+ Au collisions at 2.4 GeV center-
of-mass energy. We will also present perspectives for future experiments with HADES and
CBM at SIS100, where higher beam energies and intensities will allow for the studies of the
first-order deconfinement phase transition and its critical endpoint.
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1. Introduction

When two heavy ions collide at relativistic energies,
they form matter of high temperature (10'? K) and
density (< 3pp). The exact values and, thus, the de-
tailed properties of the matter depend on the kinetic
energy of the collision. While, at \/snn of the order of
hundreds GeV or of TeV, the properties of the mat-
ter resemble that, which prevailed in the Universe
shortly after the Big Bang, with energies of few GeVs,
thermodynamic conditions are similar to neutron star
mergers (see, e.g., [1]). The scan of beam energies in
between probes the phase diagram of a strongly inter-
acting matter (search for a first-order phase transition
and a critical point). Through the relation between a
phase structure and symmetry patterns, it sheds light
on the problems of quark confinement and hadron
mass generation.

In this paper, we will present the results on
the production of strange hadrons and dileptons in
Au+ Au collisions at /sy = 2.4 GeV obtained by
HADES. We will put them in context of earlier re-
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sults on the dilepton production in nucleon-nucleon
(pp and np) reactions at the same collision energy
(per nucleon).

2. Experimental Setup

HADES is a fixed-target setup installed at SIS18
(Schwerionen-Synchrotron with rigidity 18 Tm) ac-
celerator in Darmstadt, Germany [2]. It possess a six-
fold symmetry defined by identical sectors covering
nearly 60 degrees of the azimuthal angle each. Within
the sectors, the particle tracking and momentum re-
construction are provided by the toroidal magnetic
field generated by compact superconducting coils lo-
cated between sectors and by four Multiwire Drift
Chambers (MDCs): two upstream and two down-
stream to the magnetic field region. The tracking res-
olution for lepton pair invariant masses close to vec-
tor meson poles is of the order of few % (6M =
15 MeV /c? at M = 780 MeV/c?).

Behind the tracking system, time-of-flight detec-
tors are located. Above the polar angle of about 45
degree, a wall of plastic scintillator bars is mounted,
at lower polar angles, Resistive Plate Chambers
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Fig. 1. ete™ invariant mass within the HADES acceptance.
Experimental data (black dots) are corrected for the detection
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Fig. 2. Dielectron differential cross section as a function of the
invariant mass of eTe™ within the HADES acceptance. The
data (black dots) are corrected for the detection and recon-
struction inefficiencies. The simulated cocktail (curves) of the
70 (dashed violet), n (dotted magenta), A (dashed red) Dalitz
decays, p from the A — A interaction process (dashed black)
according to the model [4] and the sum (contributions from 7,
1, A and p — solid green curve) are displayed — model A. The
dotted-dashed blue curve shows the bremsstrahlung contribu-

tion from [6] — model B

inv

(RPCs) are installed, which have granularity neces-
sary for high-multiplicity Au+ Au events. After the
proper calibration, the intrinsic time resolution of
the scintillator wall is 150 ps and that of RPC — be-
low 70 ps. Behind the RPC, an electromagnetic Pre-
Shower detector is located, which contributes to the
lepton identification. In each sector, it consists of two
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lead converter plates sandwiched between three wire
chambers in the streamer mode.

The main role in the lepton identification task is
played by a Ring Imaging Cherenkov (RICH) detec-
tor. It is placed in front of the tracking system in
the field-free region. It consists of a single chamber
filled with C4F;¢ radiator gas, closed by a spherical
mirror in the forward direction and separated from
the photon detector by a CaFy window in the back-
ward direction. The photon detector is an MWPC
with aa planar Csl photocathode divided into pads
in such a way that Cherenkov light emitted in the
radiator and reflected from the mirror forms rings
on the cathode plane, whose radii in terms of the
number of pads are independent of the location. For
C4F10, the threshold Lorentz v for Cherenkov emis-
sion is 18. This translates to the threshold momenta
for electrons of 0.01 GeV /¢, for muons of 1.9 GeV/c,
and for pions of 2.4 GeV/c. With the energy avail-
able for the particle production at \/syn = 2.4 GeV
collisions, the very fact of the Cherenkov radiation
emission discriminates between electrons and other
particles.

The spectrometer is also equipped with a CVD
(chemical vapor deposition) diamond ¢y detector
placed in front of and a VETO detector behind the
target. About 7 m downstream the target, a Forward
Wall hodoscope is located. The Au target was split
into 15 segments, each 20 pm thick, in order to re-
duce the conversion probability of real photons in the
target.

3. Dileptons in p+ p and n + p

Collisions of single hadrons (nucleon-nucleon and
pion-nucleon) allow for determining various reso-
nance properties in elementary collisions, in partic-
ular the electromagnetic transition form factors. Via
the Dalitz decays, they can be studied in the kine-
matic region 0 < ¢* < 4m2 (m,, is the proton mass),
which is not accessible in annihilation experiments.

The analysis of the exclusive channel pp — ppeTe™
with a kinetic energy of 1.25 GeV of the beam al-
lowed HADES to measure, for the first time, the
branching ratio of the decay A — pete™. It equals
(4.19 +0.62 £ 0.34) x 10>, where the former uncer-
tainty is systematic, including the model dependence,
and the latter is statistical [12].

Figure 1 shows the invariant mass distribution of
dileptons from p + p collisions after the cut on the
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Fig. 3. Left: one of the diagrams contributing to the A — A interaction in model A [4] of Fig. 2. Middle
and right: diagrams contributing to the coherent sum in the bremsstrahlung description of [6]

proton missing mass indicated in the inset, com-
pared to different models of the A form factor. The
blue curve represents the sum of the following con-
tributions: 7% Dalitz decay, A Dalitz decay accord-
ing to [5], and bremsstrahlung according to [6]. The
cyan curve is the A Dalitz contribution in a descrip-
tion with a point-like v* N R coupling (“QED-model”)
[7, 8], fixed from reactions with ¢> = 0. The two-
component Iachello-Wan model [9-11], depicted with
the dashed dark green curve, has the largest contribu-
tion. It parametrizes the electromagnetic interaction
by a direct coupling and a coupling via a vector me-
son with dressed p propagator. The constituent quark
model by Ramalho and Pena [5] describes the domi-
nant G}, form factor with two contributions: quark
core (quark-diquark S-wave) and pion cloud (pho-
ton directly coupling to a pion or to an intermediate
baryon state). The two components are shown after
scaling each of them up to the same yield as in the
full model: quark core (dashed black curve) and pion
cloud (dashed red curve). All model contributions are
supplemented with the bremsstrahlung (shown also
separately as a green histogram).

It should be noted that the quark-core contribu-
tion of the Ramalho—Pefia model nearly coincides
with the “QED-model,” and both are not sufficient
to describe the experimental data. An additional cou-
pling in terms of the pion could/intermediate p meson
seems to be necessary.

The role of a p meson is also highlighted by the
np measurement [13]. It was performed by colliding
a deuterium beam with a kinetic energy 1.25A4 GeV
and selecting events with a quasifree neutron through
the proton detection in a forward hodoscope. The
cross-section distribution for the ete~ production
over the pair invariant mass is shown in Fig. 2. It
is compared to two model calculations. Model A in-
cludes hadronic sources, as well as A — A interac-
tion, as shown in the left-most panel of Fig. 3 (other
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Fig. 4. Invariant mass distribution of eTe~ from Au + Au col-
lisions at \/syn = 2.4 GeV. It was corrected for the detection
efficiency, extrapolated to 47 and the zero single-lepton mo-
mentum and normalized to the 70 multiplicity. Similarly, the
corrected normalized distribution from the reference pp and np
reactions is shown as well. Curves represent theoretical model
calculations: [18] (HSD), [16] (CG). The latter is accompanied
by a cocktail of hadronic sources at the freeze-out (these sources
are already included in the HSD calculation). The largest con-
tribution to the cocktail above the 79 mass, n — veTe, is
shown separately

diagrams permuting incoming and outgoing prop-
agators are also included). Model B contains only
bremsstrahlung, described in [6] in terms of diagrams
like shown in the middle and the right panel of Fig. 3
(with appropriate permutations). Model A underes-
timates the cross-section in the invariant mass re-
gion of 0.15-0.3 GeV/c2. The bremsstrahlung contri-
bution goes though the experimental points here. A
full model adding all the contributions, perhaps co-
herently, would be needed. But the results indicate
that the interaction via the pion exchange or anni-
hilation of virtual pions with the subsequent emis-
sion of a p meson plays an important role in hadronic
interactions.
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Fig. 5. Multiplicities per mean number of participants Mult/
(Apart), as a function of (Apart) for K9 (a) and A (b) compared
to various transport model calculations
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Fig. 6. Multiplicities per mean number of participants

Mult/(Apart) as a function of (Apart). All hadron yields are fit-
ted simultaneously with a function of the form Mult < (Apart)®
with the result: @ = 1.45 4+ 0.06
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4. Dileptons in Heavy-Ion Collisions

In heavy-ion collisions, the dileptons are not scattered
or reabsorbed through the strong interaction with
hadronic matter. Thus, they can probe the interior
and early stages of the evolution of a hot dense fire-
ball. Their multiplicity will be ever-increasing with
fireball’s lifetime, and the spectra will take exponen-
tial shape with the slope reflecting the effective tem-
perature of the system, which should be higher than
the freeze-out temperature extracted from the spec-
tra of hadrons that decouple in the late stage of the
collision.

Figure 4 shows the invariant mass distribution
of the radiation of dileptons at /snn = 2.4 GeV,
for a pair transverse momentum p .. range of 0.2—
0.4 GeV/c. It is compared to the spectrum from pp
and np reactions which represents, after a proper
normalization, first-chance collisions between nucle-
ons participating in a heavy-ion reaction (“NN refer-
ence”). The excess amounts to the factor of 8-10 in
the mass range above the 7% mass, see also [14]. By
comparing to the p spectra from the transport model
HSD [18], where a p meson is treated as free or subject
to the collisional broadening, one can note that the
resonant structure completely disappears (“melts”) in
the experiment. This feature is captured by differ-
ent implementations of the relatively novel approach
of coarse-graining (CG) [15-17|, where the explicit
assumption of local thermal equilibrium is made. It
is used to calculate the temperature and density of
small space-time cells of a fireball (with transport
models as the input). These are used to calculate
the thermal dilepton emission using a vector meson
(p dominating) spectral function. Coarse-graining ap-
proaches also make use of the vector meson domi-
nance (VMD) assumption, according to which all the
dilepton emission proceeds through an intermediate
vector meson. Their validity is strengthened by the
aforementioned findings in NN collisions.

At lower values of the invariant mass, all the mod-
els leave room for an improvement, and the higher
statistics data with a higher signal-to-background ra-
tio (main source of the systematic uncertainty) would
be of great importance.

5. Strangeness Production
in Heavy-Ion Collisions

Collision energies at SIS18 are below the strangeness
production threshold in NN collisions. Therefore, the
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multiplicities and spectra of strange particles in
heavy-ion reactions are sensitive to the mechanisms
of energy accumulation and possibly to the equation
of state of the strongly interacting matter.

Figure 5 shows the multiplicities of K? and A as
functions of the mean number of nucleons participat-
ing in the collision, (Apart) in Au+ Au at /sy =
= 2.4 GeV [19]. It is compared to a number of trans-
port models: UrQMD [21], IQMD [22], and HSD
[23]. For HSD and IQMD, two versions of a simu-
lation were done: with a repulsive K-N potential
of 40 MeV at the nuclear ground state density po,
which increases linearly with the density, and without
such a potential. Turning on the potential brings the
theory predictions closer to the experimental data,
both in terms of the multiplicity values and of the
« exponent in the power law Mult o< (Apare)®. The
large spread between the models themselves would
result in the value of the potential strongly model-
dependent.

The (Apars) dependence of the multiplicities of all
strange particles reconstructed in HADES (K+, K,
¢ [20], K2, and A [19]) is displayed in Fig. 6. Data
for all the particles can be described by the power
law with the same exponent. This does not reflect
the hierarchy in NN thresholds for different strange
particles and is not expected, if the energy for their
production is accumulated in a sequence of isolated
nucleon-nucleon collisions. Instead, we suggested in
[19] that the total amount of strange quarks in a
collision is produced according to the system size
determined by the number of participating nucle-
ons. Their distribution between hadrons is fixed at
the freeze-out.

6. Conclusions

HADES provides the high-statistics and high-preci-
sion data on the particle production in Au + Au colli-
sions at the relatively low energy \/snn = 2.4 GeV. In
this contribution, a selection of results was presented,
which suggests that the hot dense fireball created in
such collisions is a much stronger correlated system,
than it was assumed up to now. These correlations
might allow for a faster thermalization of the system,
a statistical redistribution of strange quarks among
hadrons, and the melting of a p meson. These cannot
be exactly reproduced by the conventional hadronic
transport models. It remains to be rigorously stud-
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ied on the ground of theory and phenomenology, if
the correlations can be attributed to a “pion cloud” of
hadron (or another formalism), whose effect is clearly
visible in VNV collisions. If the density-dependent re-
pulsive effective K-N potential can be regarded as a
proxy for the nontrivial hadron structure, then the
improvement in the description of the Mult({Apart))
dependence for K? and A could also be a manifesta-
tion of this structure.

7. Outlook

On the experimental side, the understanding of the
effects observed in heavy-ion collisions requires more
data with various colliding systems and beam ener-
gies. To this end, HADES measured Ag-+ Ag colli-
sions at /syy = 2.4 GeV and /sy = 2.55 GeV
in March 2019. The statistics of events at the former
energy is slightly lower as in Au+ Au at /sNy =
= 2.4 GeV, while it is a few times higher at the lat-
ter energy. Moreover, in Ag+ Ag, the combinatorial
background in the reconstruction of unstable particles
is expected to be smaller, than in Au + Au. Therefore,
it will very likely that the main physical results of
Au+ Au can be extended to Ag+ Ag at both colli-
sion energies.

In the future FAIR (Facility for Antiproton and
Ion Research) in Darmstadt, currently under the con-
struction, the CBM (Compressed Baryonic Matter)
experiment will collide heavy ions at energies of |/snn
from roughly 3 to 6 GeV. This will fill the gap in en-
ergy between the existing data of HADES and STAR
at Relativistic Heavy-Ton Collider in Brookhaven. It
will collect data with an unprecedented interaction
rate of 10 MHz (0.5 MHz from day 1), which will al-
low for the studies of rare and penetrating probes, in
particular, dileptons and multistrange particles and
for the search of the critical point of the deconfine-
ment phase transition. HADES at SIS100 will focus
mainly on the ete™ and strangeness production in pp
and pA collisions.
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C. I'apabaw

JTOCJILI>KEHH ST BAPIOHHOT
MATEPIi B 3ITKHEHHSX BAYKKIX IOHIB

Pezmowme

3iTKHEHHs BaXKKUX 10HIB 1py (yJIbTpa- ) pesIATUBICTCHKUX €Hep-
risIx JarloTh YyJOBY MOXKJIMBICTH JJIsl CTBOPEHHS Pi3HHUX HOpM
peuosunn B saboparopil. Koporkuit wac (10722 cek) mo-
JKe ICHyBaTH PEYOBHHA 3 €KCTPEMAJILHIMHU TEMIIEPATYPOIO Ta
MIBHICTIO. B crierjaibHuX eKCIiepuMeHTaxX BUBYAETHCS MIKPO-
CKOIliYHa CTPYKTypa CUJIbHOB3a€MO/Iif040l pedoBuHH 1 11 da-
30Ba giarpaMa. B peaxilisix 3 Ba>XKUMHU 10HAMU IPU €Hepri-
sax SIS18 peuyoBnHa 3HAYHO CTHUCKAETbesa (B 2—-3 pas3u mOpiB-
HSIHO 31 INIJIBHICTIO OCHOBHOIO CTaHy) IPH IOMIPDHHX TEeMIIe-
parypax (T < 70 MeB). IIi ymoBu HaraiyioTh, HAIPUKJIA,
CTaH KOJIAIICY HEMTPOHHUX 31pOK. PeyoBnHa pu Takux ymMoBax
BiacHe BuBuaerbesa Ha HADES (High Acceptance DIElectron
Spectrometer). BaxkauBuMu B paMKax i€l IporpaMu € Joci-
JPKEHHsI MEXaHI3My IIPO/IyKYBaHHSI IMBHOCT1, BUIPOMIHIOBAHHS
MaTepil Ta posib B IboMY 6apioHHUX pe3oHaHciB. B naniit podoTi
MU 3BEPTAEMO yBary Ha BaKJ/IMBi eKCIIEpUMEHTAJIbHI pe3yJibTa-
T, orpumani Ha HADES y sirkaennsx Au-+Au upu enepril
B cucreMi 1earpa Mac 2,4 I'eB. Mu Takoxk npejacraBumo mep-
crrekTuBY ManbyTHIX ekcunepumentis 3 HADES ta CBM npu
SIS100, me 6isbin BUCOKI eHepril Ta IHTEHCUBHOCTI JO3BOJISATD
BuBYaTH (HaA30BUIl IEpeXiT MepIIoro poay AeKOHGaNHMEHTY Ta
BiAOBiAHY MOMY KPUTHYIHY TOUKY.
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