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In March 2024, the High Acceptance DiElectron Spectrometer (HADES) at GSI Darmstadt, Ger-
many collected data on dielectron production in Au+Au collisions at a beam energy of 0.8A GeV.
One of the most intriguing aspects of this physics program is to investigate the strongly interacting
medium which exhibits similar conditions to those in the final stages of a neutron-star merger or
the early Universe. One specific focus will be to characterize the collision system by examining
the dielectron flow. The electron pairs, resulting from the virtual photon decay, will allow us to
access direct and unperturbed information throughout the entire fireball evolution.
In the HADES experiment, the Ring-Imaging Cherenkov (RICH) detector operates as a high-
efficiency electron identifier. The performance of the RICH is crucial for reconstructing pure
electron pairs, especially in heavy-ion collision systems where hadron multiplicities are large.
In this contribution, we will first discuss the calibration and performance of the HADES RICH.
Additionally, we present the initial results on the extracted dilepton signal in the corresponding
system before studying the dilepton flow.
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1. Introduction

The High-Acceptance-Di-Electron-Spectrometer (HADES) experiment, operating at SIS18
at GSI, Germany, investigates QCD matter by conducting heavy-ion collisions at center-of-mass
energies around √

𝑠𝑁𝑁 ≈ 2 GeV, reaching high baryon densities and moderate temperatures of
about 70 MeV. This medium has similar properties to the dense matter formed in the final-state
of a neutron star merger [1]. Dileptons carry information about the early stages of the collision
as they are emitted throughout the entire evolution of the QCD matter and remain unaffected by
strong interactions. The study of the azimuthal distributions of dileptons, so-called flow, describes
the collective motion of the expanding system [2]. Since flow is directly related to final-state
interactions, it can provide constraints on the equation of state (EOS).

In this analysis, the first results on di-electron measurements from Au+Au hadronic collisions
at 0.8A GeV (√𝑠𝑁𝑁 ≈ 2.23 GeV), conducted in February 2024 with HADES, are presented as the
first step to derive dilepton flow.

2. Electron identification in HADES

HADES consists of multiple sub-detectors allowing for charged-particle reconstruction. The
START detector measures the collision time, while the Ring-Imaging Cherenkov (RICH) detector
is optimized for electron identification by detecting Cherenkov rings. Particle trajectories are
reconstructed using four layers of Mini-Drift Chambers (MDCs), two positioned upstream of the
magnet and two downstream. The Time-Of-Flight (TOF) detector and Resistive Plate Chambers
(RPCs) determine the particle velocity (𝛽 = 𝑣/𝑐) by measuring its time of flight. TOF also provides
energy-loss (d𝐸/d𝑥) information in conjunction with MDC tracking chambers.

HADES provides an azimuthal acceptance exceeding 85% and covers a polar angle range of
18◦ – 85◦. 7 meters downstream from the target, the Forward Wall (FWall) is installed to determine
the collision centrality and reconstruct the event plane based on charged-particle multiplicities and

Figure 1: Schematic representation of HADES RICH detector after the upgrade in 2019 [3]. Inner photon
detection plane refers to the area inside the red square, while the outer detection plane corresponds to the
remaining area.
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their distribution in the detector. This is particularly useful for analyzing flow observables and
particle fluctuations.

As the acronym suggests, HADES is specifically designed for high-purity electron detection.
To achieve this, the RICH detector, installed around the target region, plays a key role. The
RICH (Fig. 1) features a lightweight, aluminum-coated spherical mirror, which reflects Cherenkov
light induced by charged particles traversing the isobutane (C4H10) radiator gas. The resulting
cone-shaped photon pattern forms a ring on the photodetection plane. Importantly, hadrons with
momenta up to 2.5 GeV/𝑐 do not produce Cherenkov radiation in this setup, making the HADES
RICH de facto hadron-blind [3].

Since its upgrade in 2019, the RICH features a new photodetection plane making use of 428
multi-anode photo electron multipliers (MAPMTs) [3]. Each MAPMT contains an 8×8 pixel array,
allowing to measure the arrival time (leading-edge (LE) time) of Cherenkov photon hits at the pixel
level. Ring patterns are then reconstructed using the Hough transform algorithm, based on the
geometrical distribution of photon hits.

In HADES, particle identification is also achieved via 𝛽-momentum correlation. Electrons can
be clearly distinguished only after ring-track matching.

3. Channel dependent RICH time calibration

At low collision energies, background noise unrelated to prompt electrons becomes significant,
with low-momentum pions being a major source. These pions can move backward with respect to
the beam direction and hit the RICH photodetection plane, partially triggering full MAPMTs and
producing rectangular-shaped hit patterns (blob-like signatures). The ring-finding algorithm may
then reconstruct multiple fake rings, which can be falsely matched to non-electron tracks.

Back-scattered pions hit the RICH plane ∼ 3 ns earlier than a regular Cherenkov photon being
reflected off the mirror. Given that the average timing precision of the HADES RICH detector is
better than 200 ps [4], applying a narrow time cut on the hit arrival time distribution effectively
eliminates these unwanted pion-induced signals.

Variations in electronic readout can shift timing by up to 30 ns, requiring individual time
windows for all 428 × 64 PMT channels to ensure proper background rejection.

Fig. 2 presents the hit arrival time distribution for all events, illustrating two example MAPMT
channels—one from the outer and one from the inner RICH plane (See also Fig. 1). The main peak
positions of the arrival time of the electron-associated photon hits (red spectra) differ between the
presented channels. The black and gray vertical lines mark the defined time windows. In the outer
RICH plane (left), the time cut effectively removes a secondary peak at approximately −551 ns,
likely caused by capacitive crosstalk hits, which can also contribute to fake ring formation. In the
inner RICH plane (right), the time cut eliminates back-scattered pion hits around −558 ns, thereby
improving the purity of electron identification.

Before finalizing the (on average) 2 ns time cut, a preliminary 80 ns cut was applied. To
evaluate its impact, the 𝛽-momentum distribution of RICH ring-matched candidates was analyzed.
The background, estimated by tracks with rings from different events, was subtracted to obtain
signal-to-noise.
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Figure 2: The leading-edge (LE) time distribution for two different PMT channels, aggregated over all
events. The blue dashed line represents the hit arrival time for all PMT hits, while the red line includes only
hits associated with an electron/positron ring. The green line shows the ratio of the red distribution to the
blue. All three spectra are normalized to their respective maxima for better visualization. The black (gray)
vertical line indicates the lower (upper) boundary of the newly defined time window. The lower limit is set at
the point where the ratio exceeds 10% of the main peak, while the upper limit is defined 1 ns after the main
peak position. Hits outside this range are excluded to suppress background contamination. Left: Example
from a PMT in the outer RICH plane. Right: Example from a PMT channel in the inner RICH plane, which
is particularly affected by low-momentum back-scattered pions.

In Fig. 3, (a) depicts the signal-to-noise ratio between the two time cuts, illustrating the degree
of background suppression. Values above 1 (yellow regions) indicate particles suppressed by
the narrow LE time cut. The curved yellow band, corresponding to pions, shows at least 60%
background suppression. The white curved band signifies an overestimated background in the wide
time cut case, where (Sig + Bkg) − Bkg < 0.

(b) shows the ratio between the two signal distributions, where values below 1 indicate efficiency
loss. In this case, the efficiency loss caused by the 2 ns-wide time cut remains mostly below 4%.
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Figure 3: The 𝛽-momentum spectrum of particle tracks matched to RICH rings with background estimated
using the event-mixing technique. (a) Ratio of Signal-to-Noise comparing the narrow and wide LE time
cuts, illustrating the degree of background suppression. (b) Signal ratio of two time cuts, indicating potential
efficiency loss.
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4. Dilepton pair reconstruction

With a heavily hadron-suppressed electron sample after applying the narrow time cut, additional
selection criteria can be imposed on RICH ring structures to further refine the lepton identification:

• Number of Cherenkov photons in a ring: 8 < 𝑁hits < 32

• Ring radius: 18 mm < 𝑟ring < 27 mm

These rings are then matched to single lepton candidates satisfying 0.9 < 𝛽 < 1.2 and 𝑝/|𝑧 | <
1000 GeV/𝑐 within a maximum ring-track matching distance of 2◦ [5], ensuring a pure selection of
electrons and positrons.

Once leptons are identified, they must be correctly paired as electron-positron (𝑒+𝑒−) pairs.
Combinatorial background arises when uncorrelated leptons from different decay vertices are falsely
paired due to detector resolution.

Another source is photon conversions which produce leptons with small opening angles and
can appear across the entire invariant mass spectrum. Conversions must be excluded, as this study
focuses solely on primary physics processes. In HADES dilepton analysis, applying an opening
angle requirement of 𝛼 > 9◦ [5] is sufficient to reject conversion electrons.

Finally, the dilepton signal can be extracted by subtracting this combinatorial background
(CB) from the total unlike-sign pairs. The CB is estimated using same-event like-sign pairs (𝑒−𝑒−

or 𝑒+𝑒+), following the approach in [1]: 𝑁𝐶𝐵
same = 2𝑘

√︁
𝑁++

same𝑁
−−
same where 𝑘 accounts for charge

asymmetry due to detector acceptance. The 𝑘-factor is determined using the event-mixing method
such as 𝑘 =

𝑁+−
mix

2
√

𝑁++
mix𝑁

−−
mix

where 𝑁mix represents mixed pairs formed from different events.

Various event-mixing strategies exist, but in this analysis, events are categorized based on their
reconstructed vertex position. For future analyses, such as flow studies, events could be mixed
within bins of similar centrality and event-plane angle.

Since the number of mixed-event pairs is not limited, applying event-mixing techniques for CB
estimation significantly reduces statistical uncertainties.

Fig. 4 displays the dilepton invariant mass spectrum after combinatorial background subtrac-
tion. With a wide time cut, the signal (green) spectrum remains unreconstructed beyond the 𝜋0

mass range (𝑀𝑒𝑒 < 0.14 GeV/𝑐2), due to an overestimation of the background at higher masses.
This is consistent with Fig. 3, where an excess background from positive hadron sources—such as
protons—is observed. After applying the 2 ns time cut, the reconstructed dilepton spectrum reveals
the expected distribution, covering the mass range between 0.1 GeV/𝑐2 and 0.7 GeV/𝑐2.

5. Conclusion

The first results on dilepton reconstruction in Au+Au collisions at
√
𝑆𝑁𝑁 = 2.23 GeV collected

over a three-day beam time with HADES in 2024 have been presented. By applying a narrow
RICH LE time cut of approximately 2 ns, the non-leptonic background was suppressed by over
60%, while maintaining an efficiency above 96%. The extracted dilepton invariant mass spectrum
profits drastically from the narrower time cuts, now extending up to 0.7 GeV/𝑐2.
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Figure 4: Dilepton invariant mass spectra integrated over the full centrality range (0%–40%). Black, red, and
cyan points depict same-event pairs. While green points indicate the extracted signal obtained by subtracting
the combinatorial background (CB) from the black points. Left: Results with a wide RICH leading-edge
(LE) time window of ∼ 80 ns. Right: Results with a narrow RICH LE time window of ∼ 2 ns.

As part of ongoing work, the directed flow 𝑣1 and the elliptic flow 𝑣2 of dileptons are being
investigated within the 0%–40% centrality range.

A seven-day beam time is planned for 2025 to finalize the Au+Au program. With the improved
RICH performance and higher event statistics, the upcoming dilepton analysis with HADES is very
promising.
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