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Abstract. The High Acceptance Di-Electron Spectrometer HADES at GSI, Darmstadt, has been designed
for systematic studies of hadron properties inside nuclear matter. First measured mass and momentum dis-
tributions of eTe™ pairs produced in 120412¢ collisions at 1 and 2 AGeV are presented and compared with
p+p collisions at 2.2 GeV incident energy. The spectrometer set-up and the analysis methods are briefly out-
lined and a comparison of the data with Monte-Carlo events from a generator based on known production
cross-sections and branching ratios is shown and discussed.

1 Introduction

Di-electrons represent a unique and ideally suited probe
to study the properties of hadrons inside nuclear matter
and of nuclear matter itself, as they do not undergo strong
distorting final state interactions. Relativistic nuclear col-
lisions are used to create a hadronic medium at elevated
temperatures and densities, whereas beams of pions and
protons impinging on cold nuclei are suited to investigate
hadrons at normal nuclear matter density. Several theo-
retical models predict a significant change of the masses
and widths of light vector mesons p/w in high density and
high temperature nuclear matter. As an example, Brown—
Rho [1,2] scaling predicts a decrease of the vector meson
pole masses proportional to the density of the medium.
Models based on QCD sum rules [3] and effective hadronic
models [4] reach similar conclusions, but rather stress the
broadening of the meson spectral functions. Hence, experi-
mental studies of possible modifications of meson proper-
ties inside the nuclear medium have been a hot topic in
nuclear physics over the past decade and before. While the
dilepton spectra in ultrarelativistic heavy-ion collisions can
be reasonably well described by the most recent theoret-
ical models, significant discrepancies between theory and
experiment still persist for the energy regime of a few GeV
per nucleon kinetic beam energy.

Di-electron and di-muon spectra have been meas-
ured at the CERN SPS by the CERES [5], HELIOS [6]
and NA60 [7] collaborations at various energies up to
158 AGeV. The recent NA60 high-resolution di-muon spec-
tra seem to rule out a mere dropping mass scenario as an
explanation for the earlier observed significant enhance-
ment of dilepton yield below the p —w region.The data
rather support the picture of a broadened p — w in-medium
spectral function. The enhanced strength below the w-peak
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observed in y-nucleus [8] and proton—nucleus [9] reactions
has also been interpreted as a possible in-medium effect. In
the lower BEVALAC energy regime di-electron invariant-
mass distributions have been measured in proton—proton,
light and heavy ion reactions by the DLS collaboration [10,
11]. Within the experimental error bars the extracted
eTe~ production rates in proton-proton reactions could
be reasonably well reproduced by calculations assuming
free di-electron decays of various hadronic sources [12—14].
For the nuclear collision systems Ca+Ca and C+C, how-
ever, a remarkable excess of the di-electron yield was found
in the low mass range 200 MeV /c? < M < 600 MeV /c? as
compared to the theoretical calculations. So far, this di-
electron excess could not be described satisfactorily by any
of the models. Although a recent attempt utilizing the ex-
citation of nucleon resonances within the framework of an
extended Vector Meson Dominance model (eVMD) [15, 16]
improves the description of the available data set consider-
ably, the so-called DLS puzzle persists.

The HADES collaboration has therefore started its
physics program by revisiting both, the p+p and the nu-
clear collision systems C+C and Ca+Ca at beam energies
up to 2 AGeV, with the aim to enlarge and broaden the
experimental data sample by high resolution data with sig-
nificantly improved signal to background ratio.

2 Experimental set-up and et e -signal
reconstruction

In the design of the HADES spectrometer, which is de-
scribed in detail elsewhere [17,18], particular emphasis
was put to a mass resolution of AMiyy/Miny ~ 1%(0) and
a good signal-to-background ratio. Besides this, the ca-
pability to accept high data rates to cope with the low
production cross sections and the small electromagnetic
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decay branching ratios is indispensable. It consists there-
fore of a 6-coil toroidal magnet centered on the beam axis
and six identical detection sections mounted between the
coils which cover polar angles between 18° and 85°. A seg-
mented time of flight wall (TOF+TOFino) [22] is used
to generate a fast collision trigger signal (LVL1) based
on the registered charged particle multiplicity. In add-
ition it discriminates hadrons from electrons, supported
by a PreSHOWER detector [23] at forward polar an-
gles for high momentum e* with p > 0.5GeV/c. Four
planes of multi-wire drift chambers (MDCs) [21] together
with the superconducting magnet serve as a high reso-
lution tracking system for the momentum measurement.
A fast and hadron blind ring imaging Cherenkov detector
(RICH) [19,20] in the field free region around the tar-
get is the central identification device for eTe™-pairs. It
is equipped with a C4F19 gas radiator with a Cherenkov
threshold of Ythresh = 18.3, which ensures electron detec-
tion for momenta p > 0.05 GeV/c and excludes radiation
from hadrons at SIS beam energies. The Cherenkov pho-
tons are focused by a spherical mirror onto a position-
sensitive photon detector to ring images of constant ra-
dius. From the reconstructed ring centers, the polar (6)
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Fig. 1. Side view of the HADES set-up. The upper- and low-
ermost of the altogether 6 sectors are depicted, with individual
detectors and magnet coils included schematically. The tracks
resemble a simulated C+C event. High resolution tracking re-
quires the MDC planes IIT and IV which were not available for
the C+C at F =2 AGeV experiment
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and azimuthal (¢) coordinates of the electron trajectory
with respect to the collision vertex are calculated and
then correlated with particle trajectories measured by the
tracking system and the hit coordinates in the TOF and
PreSHOWER detectors. With an additional threshold on
the particle time of flight a second trigger (LVL2) deci-
sion [24, 25] is generated online, in order to identify events
with at least one e™ or e™. It was shown by Monte-Carlo
simulations that this spectrometer geometry results in
a nearly flat di-electron acceptance of A, ~30% for
pairs with invariant masses M < 1.5 GeV/c? and trans-
verse momenta P; < 1.5GeV/c [17].

The ete-signal reconstruction starts with the track
reconstruction and identification of single e* and proceeds
in four main steps. First e are identified on the basis
of their ring signatures in the RICH. Moreover, the emis-
sion angle of the electron trajectory inside the RICH is
determined. Second, track segments are reconstructed in
the different chambers of the MDC. Then the TOF and
PreSHOWER, detector hits are reconstructed and eval-
uated to discriminate electrons and hadrons behind the
magnetic field. In the last step the found detector hits
are matched in coordinate space and an appropriate track
model is fitted to the matched MDC track segments, in
order to determine the particle momentum. For the assign-
ment of a particular particle type to a fitted track 2 dif-
ferent approaches have been evaluated and both are used
successfully. The first method cuts on detector signals and
single particle quantities with adaptive window sizes in 1-
and 2-dimensional distributions. The second implements
a more sophisticated algorithm based on a probabilistic
approach following Bayes’ theorem. Detector signals and
single track properties such as the time-of-flight or the en-
ergy loss in a detector material are used to determine the
relative probabilities of a track to be a e*, 7%, p or d. Both
methods were found to provide roughly the same high sin-
gle particle purities, while the efficiency to find a given e*
in the simulation was found to be higher for the method
based on Bayes’ theorem.

The ete~-pair reconstruction is then achieved by the
combination of fitted and identified single e* candidate
tracks. In a first step, all tracks are removed from the
event which do not contain a unique set of detector hits,
i.e. tracks with detector hits that were used more than
once in the reconstruction of a particle track. Next, all lep-
ton tracks are discarded from the event which are closer
than 9° to another particle candidate (hadron or lepton)
or a track segment that could not be fitted successfully. Fi-
nally, like-sign (etet and e~ e ™) and opposite-sign (ete™)
pairs are constructed systematically from all remaining
tracks of the event.

3 Di-electron production in C+C collisions

3.1 C+Cat E=2AGeV

In the first production run of HADES a carbon beam
of 108 particles/s was directed to a segmented carbon
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target of 2 x 2.5% interaction length. Since the experi-
ment was performed before completion of the construc-
tion phase, the MDC planes IIT and IV behind the mag-
netic field were not yet available. The data readout was
started by the LVL1 trigger decision requiring a charged-
particle multiplicity of MUL >4 in the TOF/TOFino
detectors coincident to a fast timing signal from a di-
amond beam detector located upstream of the target.
A second-level trigger based on online pattern recogni-
tion in the RICH was used to enhance the di-electron
event statistics. The attained enhancement in e* content
per event was about one order of magnitude as com-
pared to a LVL1 event [24,25]. The achieved momen-
tum resolution of o, /p =0.02+0.13p [GeV/c] was domi-
nated by the granularity of the TOF and PreSHOWER
detectors, which were used for particle trajectory de-
termination behind the magnetic field. The momentum
resolution translates into an invariant-mass resolution of
om/M = 9% at M = 0.8 GeV /c?. The results presented be-
low were obtained from a total statistics of 6.5 x 108 LVL1
events.

The lepton track reconstruction proceeded as described
above. For the particle identification straight forward cuts
on detector observables were used. The coordinates of
ring centers in the RICH were correlated with corres-
ponding angles of track segments reconstructed in the
inner MDC detectors. The correlation windows are de-
termined by the RICH position resolution of 3 mm. The
et track candidates were matched with those hits in
the TOF or TOFino/PreSHOWER detectors which ful-
filled electron conditions, i.e. (a) a particle velocity of
B =1+£30g, where o3 is given by the time-of-flight reso-
lution [22], and (b) an electromagnetic shower signature
in the PreSHOWER |[23]. Finally, the particle momentum
was determined from the deflection in the known magnetic
field by a fit of all track coordinates.

From the sample of single e* track candidates opposite-
sign (eTe™) pairs were formed to extract opening angle
and invariant-mass distributions. A considerable fraction
of these pairs, however, emerges as combinatorial back-
ground (CB). The CB is mostly due to uncorrelated elec-
trons produced by external pair conversion of photons from
7% — vy and/or 7% — ete~ Dalitz decays. The conver-
sion pairs are produced either in the target or in the RICH
radiator and have small opening angles (657" < 9°) which
often lead to partially overlapping tracks in the inner track-
ing system. Hence, a large fraction of these pairs could be
rejected efficiently by applying conditions on the opening
angle and on the fit quality (x?) of the reconstructed track
segments. It was shown by simulation that this procedure
already removes 95% of the conversion pairs while reducing
the interesting di-electron signal with M > 0.15 GeV /c? by
less than 10%.

Figure 2 shows the resulting invariant-mass distribu-
tion of the ete™ pairs, decomposed into its physics signal
part and a still remaining combinatorial background con-
tribution. The remaining background was obtained from
like-sign pairs detected in the same event and calculated
by the geometric mean Nog = 24/N+ .+ N.—.— of the re-
constructed invariant-mass distributions dN,+ .+ /dM and
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Fig. 2. Reconstructed ee™ invariant-mass distributions (open
circles) for pairs with opening angles fe4e— > 9°. The signal
distribution (full circles) was obtained by subtracting the com-
binatorial background (triangles). Note that the spectrum is
neither corrected for acceptance nor for efficiency. The dis-
played error bars are statistical only

dN,-.-/dM. However, in the high mass region (M >
0.5 GeV/c?) the number of like sign pairs was too small to
obtain a reliable background signal. Therefore, we used for
this part the event mixing procedure for background re-
construction. Uncorrelated opposite-sign e*e™ pairs were
built with tracks from different events but originating from
reaction vertices in the same target segment. It was verified
that in the mass region 0.15 < M < 0.5 GeV /c? the CB dis-
tributions obtained from event mixing and the same-event
like-sign pairs agree within 10% when normalized to the
same yield.

After CB subtraction, a total of ~ 23000 signal pairs
(~ 2000 with M. > 0.15GeV/c?) were reconstructed.
The signal-to-background ratio (S/B) was found to be
roughly 10 for the 7° mass range, 1 for the intermediate
mass range up to 0.5 GeV /c? and 2-3 for the higher masses.
These values are significantly better than in any previous
di-electron measurement. The distributions in Fig. 2 were
normalized to the average number of neutral pions Vo per
collision. Its value was extracted independently from the
number of charged pions N, = %(Nﬂ+ + N,-) measured
simultaneously in the HADES acceptance. For the normal-
isation we assume that N, can be regarded as a meas-
ure of the 7% multiplicity N, o, since the collision system
12C+12C is isospin-symmetric. The necessary extrapola-
tion to the full solid angle was based on the results of trans-
port calculations [26], which reproduce the measured an-
gular distributions correctly. In addition, the extrapolated
charged-pion yields N2™ (with N2™/Apare = 0.137£0.015)
obtained in our experiment agree with previous measure-
ments [27, 28] within the quoted error of 11%.
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The correction factors for detector and reconstruction
inefficiencies were determined by Monte-Carlo simulations.
Single electron tracks with uniform and isotropic distri-
butions in momentum and emission angle were embedded
in simulated events of the UrQMD transport model [26].
Realistic detector responses were generated by means of
a detailed GEANT simulation. Finally, the digitized events
were processed through the same analysis chain as the
experimental data and the probability to correctly recon-
struct an embedded single e* track was determined. The
pair efficiency E,_ was calculated as the product of the
single-electron efficiencies, i.e. £ _ = e;e_ for given elec-
tron momenta and emission angles. It was verified that
within an uncertainty of 20% the single track efficiencies
are independent for pairs with opening angles larger than
9°. The experimental data were then corrected on a pair-
by-pair basis with the weighting factor 1/E,_. The CB
distributions were treated in the same way and then sub-
tracted from the total pair signal, as described above. The
geometrical pair acceptance of the HADES detector was
obtained in analogy to the pair efficiency as product of the
single-electron acceptances A (p, 0, ¢). No attempt, how-
ever, was made so far to extrapolate the measured electron
yields to the full solid angle.

Figure 3 (circles) shows the efficiency corrected ete™
invariant-mass distribution as the net signal after back-
ground subtraction. The displayed error bars represent the
statistical errors only. Remaining uncertainties in the ef-
ficiency corrections and the CB determination lead to an
additional systematic error of roughly 30% . Correspond-
ing transverse momentum and rapidity distributions are
depicted in Figs. 4 and 5, respectively. The distributions
are plotted for all signal pairs and for those with masses
M > 0.15GeV /c?. In both cases a clear change in the shape
of the distributions is visible, when the 7% mesons are ex-
cluded. The smaller slope parameter in the P, distribution
and the more pronounced symmetry around mid rapidity
indicate that the ete -sources contributing to the high
mass sample may experience a different thermalisation sce-
nario as do the neutral pions.

To get first insights and before performing transport
model calculations we compare the experimental data to
a simulation based on an incoherent sum (cocktail) of simu-
lated di-electron sources created with the event generator
PLUTO [29]. The first cocktail was composed of free m°
and 7 (solid lines), only. The 7% and 1 meson production
in 12C+12C collisions is known from systematic measure-
ments of their 2-photon decay branches [27]. In PLUTO,
the meson production was parametrised by assuming the
anisotropic emission from a thermal source with a tem-
perature T = 80 MeV, but no radial expansion velocity.
The generated pairs were filtered through the HADES ge-
ometrical acceptance and normalized to the simulated 7°
multiplicity. The simulated distribution is in fair agree-
ment in the 7% mass region, but undershoots the data
above M > 0.15 GeV /c? significantly. This indicates that
additional sources have to be taken into account, such as
short-lived baryon resonances (mainly A(1232)) and/or
vector mesons. These contributions are of particular inter-
est since — at these beam energies — they may represent
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Fig. 3. Efficiency- and background-corrected measured ete™
invariant-mass distribution for opening angles > 9° (full cir-
cles) compared to a PLUTO simulated di-electron cocktail.
The included sources of di-electrons are indicated. Only statis-
tical error bars are shown
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Fig. 4. Transverse momentum distribution of all e*e™-signal
pairs including efficiency corrections (circles) and only for pairs
with M > 0.15 GeV /c? (triangles). Only statistical error bars
are shown

non-trivial radiation from the early phase of the fireball.
Multi-step processes with intermediate baryon resonances
and off-shell effects play an important role (see [30] for a re-
view). Hence, it was attempted to include vector-meson
production in the PLUTO simulation. At this energy, how-
ever, the production rates of the light vector mesons p
and w are unknown to a large extent. As a first esti-
mate we made use of mr scaling [31] and vacuum spec-
tral functions. The dashed line in Fig. 3 shows the result-
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0.15 GeV /c? (triangles). Only statistical error bars are shown

ing pair distribution including p,w, and A resonance de-
cays. The modified p shape visible in the decomposition
results purely from the thermalisation ansatz which en-
hances the low-mass tail of the p due to the reduced phase
space for higher masses close to threshold in 2 AGeV col-
lisions. The pair yield from A%+ — Nete~ decays was
derived with a calculated branching ratio for this Dalitz
decay [12] and under the assumption that the A yield
scales with the 7% yield. The simulation now populates
the high-mass region above 0.6 GeV /c? with di-electrons
from vector meson two-body and Dalitz (w — mPete™)
decays, but overestimates the data at the vector-meson
mass pole. In the intermediate-mass region, 0.2 < M <
0.6 GeV /c?, the yields obtained in our cocktail parametri-
sation are still lower by roughly a factor two as com-
pared to the measured data. This finding clearly indicates
the need for a fully microscopic treatment of the collision
dynamics.

3.2 C+Cat E=1AGeV

In a second experiment the collaboration has also meas-
ured the di-electron production in the C+C system at
a projectile energy of £ =1 AGeV. The experimental set-
up and conditions were similar to the ones described above,
with the exception of newly installed outer drift chambers.
The recorded data sample corresponds to about 8.4 x 108
inspected collisions. The result of a preliminary analysis is
displayed in Fig. 6. In this analysis tracking algorithms for
high-resolution momentum reconstruction could be used
for the first time, since the outer MDC planes were op-
erational. The particle identification was performed with
the probabilistic approach based on Bayes’ theorem. At
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Fig. 6. Reconstructed invariant-mass signal et e~ -pair distri-
bution from C+C at E =1 AGeV (full circles). The spectrum is
normalized to the number of measured neutral pions N o. The
error bars are only statistical. Overlayed is the result of a full
GEANT simulation using PLUTO events (open squares). No
efficiency correction was applied

this stage, however, the measured invariant-mass distri-
bution of the net eTe™ pair signal (i.e. after background
subtraction) is not yet efficiency corrected. For a prelimi-
nary comparison we have generated an event sample from
a cocktail of primary sources in the same way as for the
E =2 AGeV case. Due to the lower collision energy, which
for free nucleon-nucleon collisions is well below the 7 - me-
son production threshold, the abundance of - and p/w
mesons is considerably reduced. The ete~-yield from the
p meson now dominates at intermediate masses due to the
chosen thermalisation ansatz. The event sample was prop-
agated through a full GEANT detector simulation and
analyzed in the identical way as the data. The comparison
to the data reflects that no significant signal is seen in the
p/w mass region. At this stage of the analysis further con-
clusions , in particular concerning the intermediate mass
range, cannot be drawn. However, it was carefully checked
that the shape of the invariant-mass distribution does not
change between the high and low resolution tracking mode.
Hence, one can conclude that systematic effects related to
the low-resolution mode are small, which is an important
fact for the analysis and interpretation of the C+C data at
E=2AGeV.

4 Di-electron production in p+p collisions at
E =2.2GeV

The physics program of the HADES collaboration contains
the study of ete™-production in elementary reactions as
one of the basic ingredients to understand the data meas-
ured in heavy ion reactions. One of the aspects is the



266

verification of di-electron reconstruction efficiencies from
reactions in which sources are produced with well known
cross sections. For this reason, the collaboration performed
a p+p run at an incident energy of E = 2.2 GeV. A beam
of typically 2 —4 x 107 protons per second was directed
to a 5cm thick liquid hydrogen target. The experiment
was performed with the outer MDC tracking set-up com-
plete. A high-precision momentum reconstruction based
on the Runge-Kutta method was implemented and the
invariant-mass resolution could be improved to oy /M =
2.4%. In a first preliminary analysis we have constructed
ete™ invariant-mass distributions for the inclusive di-elec-
tron production. The net ete™- pair signal normalized to
the number of triggered events is shown in Fig. 7. The
data points of the C+C system at E = 2 AGeV are shown
for comparison, after normalisation to the same 7% yield.
The distributions are not corrected for efficiency. It can be
noted that both distributions have similar or even iden-
tical shapes up to M = 0.35 GeV /c2. For higher invariant
masses, the pair yield measured in the C+C system sys-
tematically exceeds the one reconstructed in the pp system,
although measured at a lower beam energy. This observa-
tion confirms the findings discussed in the previous chapter
that the influence of multi-step processes present only in
the ion—ion collision scenario are particularly important
for the proper description of the eTe™- production in the
C+C system. However, quantitative conclusions can only
be drawn after efficiency corrections have been applied and
a comparison to more refined theoretical models has been
performed.
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Fig. 7. Comparison of the invariant-mass distribution of
unlike-sign signal pairs measured in p+p collisions at 2.2 GeV
(open triangles) and C+C at 2 AGeV (open circles), normalized
to the number of the p+p LVL1 events. The C+C data has been
normalized to the same 7° yield. Note that the distributions are
not corrected for efficiency
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5 Summary and outlook

For the first time the inclusive di-electron production in
12C+12C collisions at EFR =2 AGeV was measured.
A comparison to a simulation using known production
and decay rates shows agreement for low masses, but an
excess of at least a factor 2 in the intermediate mass
range. In the high vector meson mass region mr scaling
clearly overestimates the measured data. The presented
preliminary data measured in p+p collisions at a slightly
higher beam energy and their comparison to the C+C sys-
tem underline the importance of multi-step processes for
ete~-production only accessible in ion collisions. HADES
continues its investigations on di-electron production at
moderate beam energies. High resolution and high statis-
tics data from a measurement of the collision system
Ar+KCl at F=1.78 AGeV is currently being analyzed.
A recently completed p+p run at £ =1.25GeV and an
upcoming measurement of p+p at E = 3.5 GeV will com-
plement the systematic study of this important reference
system.
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