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The QCD vacuum is characterized by finite expectation vatdiesrious quark and gluon op-
erators. Most notable is thgq condensate which signals the spontaneous breaking ofl chira
symmetry. In a strongly interacting medium the chiral corsdge is expected to be modified,
and that already by about 30% at nuclear saturation densityero temperature. Supposing, as
suggested e.g. by QCD sum rules, that vector meson proparteindeed related to the QCD
condensates, changes of the latter should be evidencedicuter in the decayp, w, ¢ — ete™.
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on vector mesons, illustrated with a few results obtaingt thie HADES dielectron spectrometer
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1. Expectationsfrom theory

While the mass of the proton is of order 1 Ge¥//the Higgs generated current masses of its
three valence quarks add up to only about 20 M8V/@bviously other mass-generating mecha-
nisms must be at play! In fact, besides the explicit breakihthe chiral symmetry of the QCD
lagrangian due to the small, but non-vanishing currentlqoaasses, it is now understood that the
large masses of hadrons are related to an additional spantaireakdown of this symmetry. The
vacuum state of QCD is highly non-trivial: a non-zero scajaark condensate is built up with
the spontaneous breaking of chiral symmetry. The intevaaf almost massless current quarks
with the scalar and higher-order quark and gluon condesishitén this picture lead to heavy con-
stituent quarks which then give rise to the observed largkdmmasses. In nuclear matter the
quark condensates are thought to be quenched and, conggtienchiral symmetry would be
partially restored. The study of hadron properties — eiffeatnasses, decay widths, electromag-
netic form factors — inside the nuclear medium at any derssity excitation energy is hence of
fundamental interest. The partial restoration of the QClBatlsymmetry is expected to lead to a
mass change of, in particular, vector and axial-vector mesdgth finite temperature and density
of the surrounding nuclear medium. More specifically, QCBsules [1 — 3] and various hadronic
models [4 - 10] predict significant changes in mass and resenaidth of the light vector mesons,
i.e. p, wand@, when embedded into nuclear matter. Models based on a nmeddrafiproach, the
bag model, or constituent quark models [11 —13] predict sianges too. For a recent review of
this research field see [14, 15].

These theoretical concepts are all very attractive, butxgental verification is required. The
challenge is to measure the properties of hadrons in hobadeéhse hadronic matter. To probe
in-medium effects, vector mesons are best suited becaaseetly short-livedo mesons §ac =
1.3 fm/c) decay mainly inside the nucleus or a reaction zon®wofgarable extension, and even the
longer-lived w mesons tyac = 23 fm/c) andg mesons {yac = 44 fm/c) still do so to a substantial
fraction [16, 17]. A variety of reactions allow to scan thegraeter space of hadron density vs.
temperature: vector mesons can be produced in photon-Qinaaind heavy-ion induced reactions,
and a complete measurement of their decay products givainicide access to the full range of
the in-medium effects mentioned above. As photons andrepdo not undergo strong final-state
interactions, they are ideally suited for probing partidéeays inside the nuclear medium. Hence,
direct photon and lepton pair spectroscopy is the most @iogiool to investigate medium effects
and, in addition, may help to pin down the gross thermodyngmperties (chemical potentials,
temperature) of hot nuclear matter. On the other hand, ad&dtription of in-medium hadron
properties can only be reached with a thorough understgnafirthe vacuum properties of all
involved states, i.e. the vector mesons themselves as svéiedbaryon resonances to which they
couple. This means that dilepton studies have to be pursisteinsatically, not only in heavy-ion
reactions, but as well in proton- and pion-induced reastidge. in AA, pA , yA, pp, pn, andyp
reactions. The HADES detector at GSI [18] is particularlyllvegited to support a systematic
experimental program of dielectron spectroscopy in a tjaieé reactions accessible with beams
from SIS18 in the few-GeV bombarding energy regime.
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2. The experimental approach

Experimentally, in-medium properties are studied eitheneéavy-ion collisions (HIC), prob-
ing hot and dense hadronic matter, or in proton- and phaotdaeed reactions on nuclei, probing
cold nuclear matter. Whereas medium modifications are ¢ézgeo be stronger in HIC, their mea-
surable observables represent an average over the corap&te-time evolution of the collision.
In contrast, using reactions with elementary projectites, investigated system does not cross a
steep density and temperature profile, and observed geanttrrespond to better defined condi-
tions. In both cases, lepton pair@ or u™u~) decays of vector mesons are ideal probes since
electrons and muons are not affected by strong final-stegeaictions.

The dominant decay channels of vector mesons are hadrarnithdye is a small branching of
the order of 10° for decays into a®e™ or u*u~ pair. First dilepton invariant-mass spectra were
reported from proton- and pion-induced reactions at tygieater-of-mass energies of 6 GeV <
\/$< 30 GeV. In pN reactions investigated at the CERN SPS, thesuned yield in the dielectron
invariant-mass distribution could be explained by decdyfe® (i.e. in-vacuum) hadrons. At
low invariant masses (M < 0.6 Ge\fjcthe spectrum is mostly populated by the Dalitz decays
of m°, n and w mesons. At higher masses, however, the contributions fraimdecays of the
p°, w and @ mesons dominate. On the other hand, in this mass regiomptatile originating
from charm production and/or from direct quark-antiquankihilation (Drell-Yan process) are of
minor importance. Respective spectra were taken at the $RISHELIOS (p + Be [19]) and
later by the CERES (p + Be and p + Au [20]) experiments, all atgr energies of 450 GeV.
Similar observations were made by the NA38 collaboratiandimuons in the system p+U and
p+Cu [21]. Likewise, at lower bombarding energies, in pmeteduced reactions (p+p and p+d)
measured by the DLS collaboration at the Bevalac [22] andHBES collaboration at GSI [23]
for beams energies between 1 and 5 GeV, the dielectron yagldjoantitatively be understood by
a superposition of freely decaying hadrons [24 — 27].

The experimental situation, however, changes drastiedilsn going from proton to heavy-ion
beams. Independent of the bombarding energy, in all dileppectra taken, an enhancement com-
pared to the superposition of free hadronic decays becoisieevin the mass region of 0.2 GeV/c
< Mijw < 0.6 GeV/@. This observation was first made by the CERES and HELIOS &xrpets
for dielectrons in the system S+Au [28] and for dimuons in slgetem S+W [29], respectively.
Later on, a similar behavior was found in Pb-induced cdallisi at 159A GeV [30] and, more re-
cently, at 40A GeV [31]. It was observed that the dielectragldyincreases more strongly with
charged-particle multiplicity as compared to the protoact®mn, a clear indication for medium
effects. Analogously, at Bevalac energies, the DLS colatlion has observed a significant en-
hancement in the systems C+C and Ca+Ca at a beam energy &f GéM [32]. The latter data
are of particular interest, as early calculations based @b Bansport theory assuming a cocktail
of decaying baryon resonances and mesons, as well as pidnlation [33] could not reproduce
the measured enhancement, even if medium effects ip @pagation were taken into account.
On the other hand, at these energies, contributions from thalitz decay, as well as from pN and
pn bremsstrahlung are relevant sources, since the firshstlllidominated by baryons. Yet various
other transport calculations failed as well [24, 34]. Farthore, the TAPS measurementsrpf
production in the two-photon decay channel [35] have givieect experimental evidence that the
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n Dalitz branch alone can not be at the origin of the observédmrement. This state of affairs in
the few-GeV bombarding energy range became known as the fidiz8e” and still awaits a fully
satisfying solution (see next section). On the other har@SiPS data are reproduced quite well by
hadronic many-body theories (HMBT) invoking in-medium afpal functions of vector mesons, in
particular thep (see e.g. [8, 36 —38]). More recently the HADES experimestdtarted a series of
comprehensive dielectron measurements in C+C, Ar+KCl fangAu reactions at beam energies
of a few GeV;, they are discussed in the next section.

Reactions with beams of photons and protons allow to inyatgidilepton production at low
temperature and normal nuclear matter density. Various siw@surements have been executed by
the CBELSA/TAPS experiment at ELSA [39], the CLAS experitnanJLab [40], and the E325
experiment at KEK [41, 42]. Specific changes in the reconstdispectral shape of rho, omega
and phi mesons have been reported, but no consistent pltaisrget emerged from this body of
data. Very recently, a refined analysis of the NA60 dimuor] B8l the CERES dielectron [44]
data allowed to extract, by subtraction of the long-lived pathe cocktail of dilepton sources, the
in-medium spectral shape of tpameson. Both data sets are consistent with a strong broagehin
the rho, rather than a mass shift. These results, when cedhpaicalculations based on hadronic
multi-body theories, allow to gain direct information oretmedium-modified rho spectral func-
tion [37, 38]. A firm conclusion on whether chiral symmetnatually restored in dense and hot
hadronic matter can, however, not easily been drawn frorh data alone as it requires to disen-
tangle the QCD-driven from the hadronic effects [14, 15hds furthermore been argued [15, 45]
that, because of strong collisional broadening, the iniomedvidths of the longer-livedv and ¢
mesons are very difficult to observe directly. Medium modifiens should rather be accessible by
measuring the target-size dependence of their product@ss sections. Such data, coded in terms
of a so-called transparency rafia, have lately been provided by the CBELSA/TAPS [39, 46],
the CLAS [47], the LEPS [48], and the ANKE [49] experiméntEheir theoretical interpretations
[45, 50] points indeed to a very strong in-medium broadepiiitye o andg vector mesons. In this
context, HADES has obtained particularly interesting ltssfior low pair momenta by comparing
dielectron production in 3.5 GeV p+p and p+Nb reactions.

3. The HADES experiment at GSI

With the High Acceptance DiElectron Spectrometer HADE $tets-positron pair spectroscopy
is available at GSI for studies in nucleus-nucleus reastiarthe 1-2 AGeV bombarding energy
regime, as well as in elementary reactions with proton,eteat and also secondary pion beams.
This energy range, together with the large choice of colisystems, allows to access the region
in the nuclear matter phase diagram ranging from groune siasityng up to about 8y, while
spanning temperatures from zero up to about 0.1 GeV. Iniaddit these bombarding energies,
the produced fireball is still baryon dominated. Theref@eanajor part of the HADES physics
program consists in a systematic study o&e pair production in heavy-ion and proton-induced
collisions, searching in particular for precursor effestschiral symmetry restoration. HADES
is a second-generation experiment for high-resolutiocteda-pair spectroscopy (for details see

INote that the CBELSA/TAPS, LEPS and ANKE experiments reransthe vector meson from a hadronic decay
channelw — My andp —KtK~, respectively.
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[18, 51] and http://www-hades.gsi.de). The key featurethefHADES spectrometer shown in
Fig. 1 are: (a) an excellent lepton/hadron discriminat{t)a resolution for invariant-mass recon-
struction approaching the natural width of #teemeson 6y /M ~ 2%), (c) a signal-to-background
ratio significantly larger than unity for invariant massgstaM ~ 1 GeV/¢, (d) a large geomet-
rical acceptance in combination with high count rate cdpgband (e) a high granularity to cope
with heavy collision systems up to Au+Au. These combineduies result in a large increase in
sensitivity over the former DLS setup [22, 32].

Shower Figure 1: Exploded view of the

" HADES detector at GSI [18]. In

2011 the Tofino time-of-flight scin-

tillators were replaced by fast,
highly-segmented RPC modules for
vastly improved timing and granu-
larity.

In a first phase, the low granularity of the inner part of theFT@all prohibited the use of
the detector in a high-multiplicity environment. Therefpthe measurement program of HADES
started out with its focus set on light collision systemsppda+p, C+C, Ar+KCI, and p+Nb. Fi-
nally, in 2011, HADES was upgraded with the installation ¢f@timing detectors, the addition
of a forward plastic hodoscope for event plane and centreliracterization, and new read-out
electronics boosting the performance of the DAQ systemh\ttiis configuration, data on dilep-
ton and strangeness production in the heavy reaction sy&terAu could also be taken. Only a
small selection of results can be shown below, but a detdiwtlission can be found in the listed
references.

In one of its first experiments, HADES has measured dielegtroduction in p+p and quasi-
free n+p collisions at 1.25 GeV [23]. A very strong isospipeledence of the dielectron production
has been found. As shown in Fig. 2, the puzzling dielectraesxin the intermediate mass range of
Mere- =0.15—0.5 GeV/&observed in C+C collisions at 1A and 2A GeV [52] can be descriy
a superposition of elementary p+p and n+p collisions. Altfioa sound theoretical description of
the relevant sources is still lacking, the data indicat¢ tthia excess can be traced back essentially
to effects present already in n+p collisions. The results'@r production obtained with HADES
in the medium-heavy Ar+KCl system at 1.76A GeV [53] show aerimediate-mass pair excess
over long-lived sources a facter 3 stronger than the one observed in elementary nucleoranicl
reactions andx 2 stronger than in C+C reactions (see Fig. 3). One can indegck dhat this
behavior signals the onset of the influence of the nucleariunedn dilepton production. It is
expected that this enhancement will be much larger evenntraleAu+Au collisions. These data,
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still in the process of being analyzed, will definitely alléavcharacterize dilepton emission from

the hot and dense hadronic medium produced in few-GeV hieavgellisions.
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Figure 2: Comparison of €ée~ mass distributions Figure 3: Dielectron mass distributions measured
obtained with HADES in 1A GeV and 2A GeV with HADES in 1.76A GeV Ar+KCI collisions,
C+C, and the average from 1.25 GeV p+p and n+pompared with a cocktail of long-lived sources
collisions Contributions fromrm Dalitz decay have (from [53]). The yellow band depicts the excess
been subtracted (see [23] for details). over this cocktail

Likewise, in 3.5 GeV p+Nb collisions, a strong dielectrorcess yield with respect to the p+p
reaction at this beam energy is seen, especially for pattslaiv momenta, that is, for slow pairs
[54]. HADES has indeed obtained the first high statisticssuesment of dielectrons radiated from
cold nuclear matter in a kinematic regime where strong nadtfects are expected. The differ-
ence in the spectral shape shown in Fig. 4 in the mass regimindted by vector meson decays
can be attributed to a concurrent decrease gfeld and enhancement ptlike contributions, the
latter most likely due to secondary reactions. The impaganf secondary processes is signaled in
both, the enhancement of low-momentum pairs over the whalgsmange and the shift to target
rapidity in p+Nb compared to p+p reactions. The lack of yielgh+p reactions as compared to a
PYTHIA calculation, as well as the observed enhancementhMiyreactions support an interpre-
tation invoking a strong coupling of themeson to baryonic resonances [27]. Such couplings enter
in p meson production and in-medium propagation. The obsemgoression ofv emission from
p+Nb can be explained by strong collisional broadening,rapgsed already in the interpretation
of the data on vector meson photoproduction [45, 50].

4. Outlook

Evidently, further high-resolution experiments (CLAS, BERS, JPARC, MAMI) are needed
to obtain a comprehensive and consistent picture of in-umegiroperties of the light vector mesons.
For the next few years, HADES will hence continue its experital program on dilepton pro-
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Figure4: Left: Comparison of the invariant mass spectratée pairs withPse < 0.8 GeV/c from p+p and
p+Nb reactions, respectively. The colored bands repraberdystematic uncertainties due to the normal-
ization. Right: Excess yield in p+Nb after subtraction of #taled p+p reference data; taecontribution

is subtracted in both samples. The greyed region corresponithe mass range plotted in the left picture.
(Both figures are taken from [54]).

duction in heavy-ion reactions, complemented also witdisgiof elementary processes in pion-
induced reactions using the secondary pion beams avaftainieSIS18. The long-term perspec-
tive, beyond round about 2017, is to integrate the HADE Safletento the FAIR accelerator com-
plex, now in construction at GSI. Making use of the future 8@ beams, with energies of up to
8A GeV, will allow it to bridge the gap between the present 8h&rgies and those to be used by
the future Compressed Baryonic Matter experiment, CBM dRHAS]. Furthermore, antiproton
beams provided by the high energy storage ring (HESR) at F#ilRopen up the possibility to
extend the study of in-medium properties of hadrons to tlaermtsector.
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