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ELECTROMAGNETIC RADIATION
FROM Au+ Au COLLISIONS AT /5,y = 2.4 GeV
MEASURED WITH HADES

We present results of low-mass dielectron measurements from Au -+ Au collisions at
VSN = 2.4 GeV with HADES. The focus lies on the extraction of the effective temperature
from the differential dilepton spectra and the analysis of the azimuthal anisotropy of virtual

photons.
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1. Introduction

The matter created in heavy-ion collisions at relativis-
tic energies is rather compressed than heated, reach-
ing net baryon densities of a few times normal nu-
clear matter density and moderate temperatures be-
low 70 MeV /kg. Such matter is commonly described
as the resonance matter consisting of a gas of nucle-
ons and excited baryonic states, as well as contribu-
tions from mesonic excitations. Due to the compres-
sion in the inital phase of the collision, the hadron
properties are substantialy modified. To understand
the microscopic structure of baryon-dominated mat-
ter, HADES systematically measures virtual pho-
tons, that decay into dileptons, from elementary and
heavy-ion collisions. These electromagnetic probes
access the entire space-time evolution of a fireball
and leave the collision zone without further inter-
actions. Moreover, in contrast to real photons, they
carry an additional information through their invari-
ant mass. Thus, they provide the unique information
about the various stages of the collision.

In Au+Au at \/syy = 2.4 GeV, HADES ob-
served a strong excess radiation which is remarkably
well described assuming the emission out of a ther-
malized system [1]. Thus, the results imply strong
medium effects beyond a pure superposition of in-
dividual nucleon-nucleon (pp, np) collisions.

The total yield of dileptons in the low-mass re-
gion up to 1 GeV/c? is related to the fireball lifetime
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[2]. The inverse slope of the invariant mass spectra
provides information about the temperature in the
system averaged over the whole space-time evolution
of the collision [3,4]. To gain a further insight, the de-
pendence of those temperatures on the virtual photon
transverse momentum and rapidity and on the event
centrality can be studied. Furthermore, the shapes of
the spectra can be confronted with model calcula-
tions to obtain the understanding of the processes
occurring in low-energy heavy-ion collisions such as
the establishment of a local thermal equilibrium and
the restoration of the chiral symmetry at high den-
sities leading to modifications in the low-mass in-
medium vector meson spectral function [2,5-8]. Using
a coarse-grained transport calculation to describe the
fireball evolution leads to a good agreement with the
experimental data in the region M., > 0.3 GeV/c?
[9, 10].

This approach implies a locally equilibrated system
for which the corresponding thermodynamic param-
eters can be extracted [2]. However, non-equilibrated
transport-calculations also describe the data points
without significant deviations.

In addition, the observables related to the collectiv-
ity of a system, e.g., the flow, are used to describe the
macroscopic properties of nuclear matter. The col-
lective flow consists of a radial flow, which affects
the thermal spectra of the outgoing particles, and
anisotropic flow, which affects the spatial orientation
of the particle momenta. The azimuthal anisotropy
is especially useful to disentangle early and late emis-
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sion sources, because the effective temperature results
from the superposition of all fireball stages with de-
creasing the temperature 7', but increasing the flow
Bt over time (see Eq. 4). The azimuthal anisotropies,
on the other hand, are actually small in the early
phases of the fireball evolution, where the flow is
not yet fully developed and grow larger for the later
phases. Thus, the elliptic flow does not show this im-
plicit time dependence, and the combined dependence
of the elliptic flow of dileptons on their transverse
momentum and their invariant mass provides a rich
landscape of structures, which allows one to set the
observational window on specific stages of the fireball
evolution [11].

2. Data Analysis and Signal Extraction

HADES at SIS18 (GSI, Darmstadt, Germany) is a
fixed-target experiment. The spectrometer provides
a large acceptance between 18° and 85° in the po-
lar angle, as well as a nearly full azimuthal cover-
age. Figure 1 shows a 3D view of HADES with the
main components of the detector. The Ring Imag-
ing CHerenkov detector (RICH), the Time of Flight
(TOF) and RPC detector, as well as the Pre-Shower
detector, are mainly used for the particle identifica-
tion, while four planes of low-mass MDCs in combina-
tion with a superconducting toroidal magnet are used
to determine the particle tracks and momenta. In or-
der to reduce the background from the photon conver-
sion in a detector material, all tracking detectors are
designed as light as possible. About 7 m behind the
spectrometer, the Forward Wall is placed. It is used
to reconstruct the event plane and to determine the
centrality of a collision by measuring the spectator
nucleons.

In twelve runs between 2002 and 2019, HADES col-
lected data from various experiments at beam en-
ergies of 1-3.5 GeV. The size of the collision sys-
tem ranged from elementary p + p collisions over
light- (C+C) and medium-sized (Ar+KCl) colli-
sion systems to the large Au-+ Au system. In the
two runs performed in 2014, also the pion-induced
reactions were investigated. Before the most recent
run (Ag+Ag @ \/syy = 2.55 GeV completed in
March 2019), the major detector upgrades includ-
ing the RICH detector and a new electromagnetic
calorimeter were conducted. In this work, the results
of analysis of the data taken from the Au-+ Au run at
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Fig. 1. 3D view of the HADES setup

2.4 GeV! in 2012 will be presented. In the five-week
beamtime (overall 557 hours) with beam intensities
between 1.2-1.5 x10° ions/s, the total of 7.3 billion
events were collected and stored in 138 TB of data
[13, 14].

After choosing only the events with a reaction ver-
tex inside the target, rejecting the pile-up events and
using a high-multiplicity trigger that selects 47% of
the most central events along with event quality selec-
tion criteria, a clean sample of about 2.6 x 10° events
were left to analyze.

Dileptons are very rare due to low branching ra-
tios, e.g., [ee /T = (4.72 £ 0.05) x 1075 in the case of
a p-meson [15]. Thus, a very precise particle identifi-
cation is crucial for reliable measurements. To sepa-
rate the leptons from the hadronic background, the
hard cuts in one or two dimensions can be applied on
various observables. However, a better performance
can be achieved, by considering the correlations be-
tween all the observables simultaneously, i.e., by us-
ing Multivariate Analysis (MVA) methods. They al-
lowed us to identify single leptons with a very high
purity of at least 98% and a good efficiency. In or-
der to take the step from the reconstructed single
electron signal to the dilepton spectra, the electron-
positron pairs have to be build. It is not possible to
identify electrons and protons from the same ver-
tex. Instead, all possible unlike-sign pair combina-
tions are calculated event-by-event (Fig. 2, black cir-
cles). This leads to a large contribution of wrong pair-

L A center-of-mass energy of \/syn = 2.42 GeV corresponds
to a beam energy of Fpeam = 1.23A4 GeV and a center-of-
mass rapidity of ymiq = 0.74.
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Fig. 2. Resulting dilepton spectrum and signal-to-background
ratio
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Fig. 3. Efficiency corrected dilepton spectrum is shown along-

side a simulated cocktail of contributions from first chance col-
lisions and the freeze-out stage [17]

ings to the final spectra. This so-called combinato-
rial background has to be subtracted from all pairs
to obtain the true signal pairs (Fig. 2, blue trian-
gles). As usual, two types of fake lepton pairs are dis-
tinguished, namely, the uncorrelated and correlated
backgrounds. The former one stems from the pairing
of leptons, originating from different mother parti-
cles, which is the largest contribution to the com-
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binatorial background. Due to the random combina-
tion of two different decays, it is structureless. In the
case of a two-photon decay or a Dalitz decay with
the subsequent photon conversion of a neutral meson,
it can happen that the paired leptons have different
mother particles, but share their grandparent. The
correlation of these pairs leads to a background con-
tribution with a bump-like structure. While the un-
correlated background can be reproduced using the
event mixing, the correlated background, which is
dominant in the low-mass region, is handled using a
same-event like-sign technique. The signal is a result
of subtracting the combinatorial background from all
ete” combinations (Fig. 2, red squares). The signal-
to-background ratio (bottom panel of Fig. 2) is ~ 10%
for the invariant masses above 0.15 GeV /c%.

3. Anisotropy Analysis

The flow coefficients v; (directed flow), vy (elliptic
flow), vs (triangular flow), etc. are defined as the
Fourier coefficients of the azimuthal angle expan-
sion [16]:

dN

A x1+2 Zvn cos (nA®), AP =, — Ugp.
(1)

To extract the A® of dileptons, the difference of
the azimuthal angle of the dilepton pair (Pe.) and
the angle of the event plane (Ugp), which is deter-
mined using the information of the spectator hits in
the Forward Wall, is calculated. This subtraction is
necessary due to the correlation between the directed
and elliptic flow components and the collision geom-
etry. Furthermore, a correction factor accounting for
the event plane angle resolution has to be applied
[18]. The anisotropy coefficient v5® of the signal pairs
is then calculated from [19]:

n=1

sig_l tot 1—7r bg
V2o = 02 s V2 (2)
where r is the mass-dependent signal-to-background
ratio, and vy®, v5°", and vgg represent the flow coef-
ficients for the signal pairs, all pairs, and the com-
binatorial background pairs. The latter ones are de-
termined using different methods, namely, the same-
event like-sign geometric mean background, mixed-
event unlike-sign background and making an as-
sumption that the combinatorial pairs, being built
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from the same single particles as signal pairs, have
also the same orientation with respect to the reac-
tion plane. To obtain a final value for the azimuthal
anisotropy, the mean of the different methods is calcu-
lated. Their standard deviation is used to determine
the systematic uncertainty. The statistical uncertain-
ties are taken from the same-event like-sign geometric
mean background for the lowest mass region, where
the correlated background from 7%-Dalitz decays is
dominant, and from the mixed-event background in
the mass regions above.

4. Results

Figure 4 shows the effective slope parameter Tyjope
as a function of the invariant mass of the dielectron
pairs, resulting from the fit:

1 dN mypc?
i — Ki|— 3
X mpriniy (kBTslope>’ ( )

with mr = /M2 + p2c? and the assumption of a
pure Boltzmann nature of the source. Since only a
small fraction of the dilepton yield is lying outside
of the HADES acceptance, which can be verified by
comparing the rapidity spectra to different model cal-
culations, this assumption is justified and is valid to
apply a thermal fit without prior extrapolation to the
unmeasured rapidity. Utilizing the good agreement
between the shapes of the model fits and the exper-
imental pp spectra, a parametrization of the slopes
from the model provides a further quantitative infor-
mation. From

kBTslope = kBTkin + %Z\4eec2 </8T>27 (4)
where Ty, and (Br) in the case of dileptons can
be interpreted as the properties of their source av-
eraged over four-volume, rather than of the freeze-
out hypersurface, the values Ty, = 65 MeV/kp,
(Br) = 0.19 for the coarse-grained (CG) approach
plus cocktail and Ty, = 74 MeV/kg, (Br) =
0.05 for Hadron String Dynamics (HSD) can be ex-
tracted. Extrapolating those model fits to the zero
invariant mass results in Ty, = 61 MeV/kp and
Tmin = 69 MeV /kg, respectively. However, more pre-
cise experimental data are needed to decide for one
model or another one. Contrary to hadrons [22, 23],
the slope parameter is not dependent on the invariant
mass, but stays rather constant over the whole mass
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Fig. 4. Fitted slope parameters of the pp-spectra in exper-
imental data and model calculations of HSD [20], freeze-out
meson cocktail combined with the in-medium p-spectral func-
tion [2] (denoted as CG), and the same cocktail combined with
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[21]. Solid curves represent the parametrization in Eq. 4, fit-
ted to the model points [24]

- o
0.2F-AutAu, s\, =2.4.GeV i
[ 0-40% centrality ]
HADES preliminary 1
0.1

e | :
e ]
-0.1F 5
-0.2} :
= L 1oy Ll TR B

0 0.2 0.4 0.6 0.8
M. (GeV/c?)

Fig. 5. va coefficient of signal dileptons as a function of the
invariant mass [24]

range. This is due to the very low transverse veloc-
ity (B7), indicating that the majority of dileptons is
emitted at an early phase, thus not carrying the full
(Br) established at the freeze-out.

The second Fourier harmonic of the azimuthal
anisotropy as a function of the invariant mass is
shown in Fig. 5. The value in the lowest mass re-
gion (0 < M., [GeV/c?] <0.12), where the dilep-
ton spectrum is dominated by w°-Dalitz decays, is
in a good agreement with the elliptic flow seen in
charged pions (see Fig. 6). A negative sign of vy
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Fig. 6. vz of dileptons below 0.12 GeV /c? and charged pions as functions of the centrality

and transverse momentum

means that the majority of the particles is ejected
perpendicularly to the event plane. This out-of-plane
flow can be explained by the passing spectator nu-
clei shadowing the collision center. This shadowing
effect reduces the mean free path of particles that
are emitted into the reaction plane, which leads to
a squeeze-out of ejectiles perpendicularly to the re-
action plane. At masses above the 7%-region, the az-
imuthal anisotropy seems to decrease and indeed is
consistent with zero. Recalling the cocktail contribu-
tions shown in Fig. 3, it becomes apparent that the
physics background contribution in those mass re-
gions is at the level of at most 10% from n-decays,
thus much lower than the 90% pion contribution
in the first mass bin, meaning that those dilep-
tons are mostly stemming from an early phase be-
fore the build-up of the flow. This is consistent
with the observed very low transverse velocity dis-
cussed above. An alternative explanation of the van-
ishing azimuthal anisotropy is given by the penetrat-
ing nature of dileptons, which therefore do not ex-
perience the shadowing effect of the spectator mat-
ter [25]. More insights will be provided with the
new set of data collected in March 2019, and that
data are awaiting for theory interpretations. Figure
6 shows a comparison between vy of dileptons be-
low 0.12 GeV/c? and charged pions. In the left panel,
the centrality-dependent elliptic flow is plotted. As
the collision gets more peripheral, more spectator
nucleons are shielding the collision zone resulting in
a stronger, i.e. more negative, flow. The values from
the dileptons from 7%-decays and the charged pions
are in a very good agreement. The same is true for
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the transverse-momentum-dependent flow coefficients
shown in the right panel.

5. Conclusions

The results from the dilepton analysis in Au+ Au col-
lisions at 2.4 GeV show a clear evidence for the pen-
etrating nature of the electromagnetic probes. The
very low transverse velocity indicates that the ma-
jority of dileptons is ejected before the freeze-out,
where the full transverse velocity seen in hadrons
would have build up. The same is true for the cre-
ation of a flow in the system. Thus, the dileptons,
which do not stem from hadronic decays show little
or no azimuthal anisotropy. However, both methods
would profit from higher statistics, as it is not possi-
ble up to now to definitely rule out one of the mod-
els with the inverse slope analysis or extract the az-
imuthal anisotropy with higher precision. In the most
recent HADES beamtime with Ag+ Ag at \/syy =
= 2.55 GeV, conducted in March 2019, ~15 bil-
lion events were collected, and the first low-level
analysis promises high statistics and a very good
data quality. Moreover, a newly installed electromag-
netic calorimeter allows one to directly detect neu-
tral mesons, making it possible to further determine
the physics background in the dilepton spectra. In
addition, the effects of the system size can be in-
vestigated. Combining the presented Au-+ Au data
with the recently measured Ag+ Ag run, as well as
Ar +KCl at \/syn = 2.6 GeV, will help one to draw
a more complete picture.
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610 imeni Konabopauii HADES

EJIEKTPOMAT'HITHE BUIIPOMIHIOBAHHS

B
B

P

3ITKHEHHSIX Au+ Au IIPU EHEPTTI 2,4 TeB,
JIOCJIIJIAX HA HADES

€3I MEe

IIpencraBisiemo pe3yiabraTvi BUMIPDIOBAaHHS [1i€JIEKTPOHIB Ma-

mux Mac y 3iTkHeHHAX Au+ Au npu eneprii 2,4 T'eB y mocai-
nax Ha HADES 3 meroro orpumanHst epeKTUBHOI TeMIlepaTypu
3 AudepeHIifHOro CIeKTpa JIiJIENTOHIB, & TAKOXK JJIsi aHAII3Y

a3suMyTaJIbHOI aHizoTpomil BipTyaabHuX (DOTOHIB.
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