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Agenda

• Introduction
• Emissivity of baryons
• Dielectrons from cold and dense matter
• Strangeness production and propagation
• Outlook
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Selected results addressing the role 
of resonances in particle production 
in heavy-ion collision

o Introduction

o Strangeness production in  A+A, p+A, 

p+p, +𝝅A

o Comparison to statistical 
hadronization model

o … to transport

o Contribution of ϕ decay 
to K- yield   

o Dielectron production in A+A, p+A, 
p+p, +𝝅A

o The in-medium 𝝆 meson

o 𝝆-baryon coupling

o Outlook
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1st order phase boundary? 
LQCD: Z. Fodor et al., hep-lat/0402006
Condensate: B.J. Schaefer and J. Wambach, private 
communication
HADES data: M. Lorenz et al., Nucl. Phys. A  (2014) QM14
A. Andronic et al., Nucl. Phys. A 837 (2010) 65
J. Cleymans et al. , Phys. Rev. C 60 (1999) 054908
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Experimental Approach to QCD Phases

o Where are the chiral/deconfinement phase 
transitions located at finite net-baryon densities?

o Is there an exotic phase where chiral symmetry is 
restored but quarks still confined?
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The HADES Spectrometer

o Six-coil superconducting toroid (CLAS like,𝐵𝜌 < 0.6	Tm)

o Six identically instrumented sectors (2𝜋 in 𝜙, 
18° < 𝜃 < 	85°)

o Four planes of low-mass drift-chambers (MDC)
o lower momentum cut-off 80 MeV/c2

o RICH with solid CSI photo-cathode based UV detector

o Two different time-of-flight systems
o 64-fold segmented scintillator rods (𝜃 > 45°)
o RPC cells (𝜃 < 45°)   

o Forward hodoscope (scintillator blocks)

o CVD based t0 detector

o Event rates up to 50 kHz 
low-multiplicity (8 kHz Au+Au)

o e+e- pair acceptance 35%

o Mass resolution 2 % (r/w region)

FW
q > 7o

RPC
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HADES combined  with p-beam

o Pion beam

• Momentum: 0.6 < p < 2 
GeV/c

• Pion tracking with two 
double-sided silicon strip 
detectors in the beam line

• Improved conditions in 
2018 due to FAIR upgrade

o Intensities (2014 run)
• Primary beam:

Ø 1011 N (2 AGeV) /spill

• Secondary p beam:
Ø 106 p-/spill

• Spill: 4s cycle
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HADES Au+Au data

o Beam: 1.5 x 106 Au ions per second
o LVL1 trigger rates of up to 8 kHz 

Ø 7 · 109 events recorded

o LVL1 trigger on 40% most central coll. 
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Technical layout of HADES 

Cryostat 
inner MDC 

RICH readout 

HADES + FW 
1 out of 6 HADES sectors 

RICH not shown ! 

R. Holzmann  HIC for FAIR Workshop    29/07/2015 
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strangeness production
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(Strange) particle production; Au+Au 1.23A GeV 

o All strange hadrons are produced below the free NN threshold:  𝐾8Λ	 −160	MeV ; 𝐾8𝐾?	(−470	MeV)

o Canonical suppression applied in THERMUS (𝑅D), 𝜙 not affected
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Ξ? production 

o Unexpected yield observed in two systems: Ar+KCl, p+Nb
o No signal in Au+Au 1.23 AGeV, too far below threshold
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Transport approaches to “sub-threshold” strangeness prod.
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 Microscopic description of strangeness production 

Model predictions: UrQMD 3.4, HSD 711n, IQMD c8, (full pot.= 40 MeV) 
 
HSD and IQMD reproduce rise with Apart       à multi-particle interactions under control 
UrQMD overestimates the rise          à due to production via resonances? 
General trend to overshoot data          à uncertainty in overall yield 
Strangeness conservation: charged Σ’s are missing à CBM 
Repulsive KN potential reduces the yield       à compare shape of pt spectra 

Thanks to Y. Leifels, E. Bratkovskaya, C. Hartnack, J. Aichelin, J. Steinheimer and M. Bleicher 
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o Production through “multi-step” processes
o Three different transport models compared. UrQMD, IQMD, HSD
o Two (IQMD, HSD) have implemented Kaon potentials 
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f / K ratio
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o About 25% of the 𝐾? come from (late) 𝜙	decay at low energies
o Can be modelled in a SHM using a canonical description (𝑅D )

o In transport, the observed production can be modelled assuming production through
decays of heavy resonances

preliminary

160 CHAPTER 6. DISCUSSION
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Figure 6.10: Excitation function of the measured �/K� ratio for various systems and energies (see
legend). While the ratio stays flat for energies above a few AGeV, it substantially increases towards lower
energies around the elementary � production threshold. Lines correspond to calculations from a statistical
hadronization model for different values of the canonical suppression radius R

C

(see legend).

the K� the � meson is not affected by this suppression, because it conserves strangeness by definition
(|ss̄i). The lines in the figure correspond to calculations from the SHM with different values for RC .
Our new data point is in agreement with a radius RC 2 [2.0, 3.2] fm.

The measured excitation function of the �/K� ratio can be compared to the one obtained with a
tuned version of the UrQMD transport model [5], including mass dependent branching ratios of high
lying baryon resonances namely the N⇤(1990), N⇤(2080), N⇤(2190), N⇤(2250) and N⇤(2250) into
�, in order to match elementary data on � production (compare section 1.5), which is shown in figure
6.11. The model predicts a maximum of the ratio at the measured center-of-mass energy of

p
s = 2.4

GeV and agrees with the obtained value from this analysis. Also previous experimental results from
HADES and FOPI are well reproduced, while the model undershoots the data at higher energies. It
would be interesting to compare also the shapes of the kinematic distributions from the model, like
transverse mass spectra, besides only the yield in full phase space, as the spectral shape should de-
pend on the resonance contribution as observed for ⇡� production (see section 5.2) and investigated
in [158] for kaons with respect to the effect of kaon-nucleon potential. Furthermore, in the future a
measurement of the �/K� ratio at even lower energies could reveal if the ratio is decreasing again as
predicted from the transport model.

In order to evaluate the influence of the high amount of � mesons feeding the K� yield on the kine-
matic properties of the measured K�, a two component cocktail is generated with PLUTO [140]. The
emission of negative kaons is assumed to arise from two components:

1. Direct thermal production from the reaction zone

Connection to strangeness exchange 

 Where do the Φ come from? 
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Tuned to match elementary data by increased 
branching ratios of N* (needed in the tails of the 
resonances, consistent with OZI rule) 

UrQMD predictions for Au+Au 

J. Steinheimer, M. Bleicher 
J.Phys. G43 (2016) no.1, 015104 

HADES, arXiv:1505.06184v1 

AuAu preliminary
AuAu preliminary
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Extension of the excitation function to lower energies
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World data from: C. Blume & C. Markert,  Prog. Part. Nucl. Phys. 66 (2011) 834
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Sub-threshold strangeness production is a true challenge for transport!
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Strangeness production in p+p (3.5 GeV) collisions
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FIG. 3. (Color online) Invariant mass spectra of K

0
S � ⇡

+ pairs (symbols) for the total sample (upper left) and in five
transverse momentum bins. Solid curves are for the fits with 2, dashed curves depict the background, separately. The boxes
deliver information on the fit p-value, the number of K⇤ over background, mean mass and signal to background ratio.

C. Raw spectra and corrections

Fits of the experimental data, performed with the
Eq. (2) allow to extract the raw yields (a↵ected by the fi-
nite acceptance of the detector and e�ciency of the anal-
ysis procedure). As an example, the raw pt-spectrum of
the K⇤ mesons is shown in Fig. 4. Also shown are K⇤

distributions corresponding to the ⇤- and ⌃-channels of
the two-channel model. They were obtained in the fol-
lowing way. A set of events (four-vectors of the reac-
tions products) corresponding to both channels (3) and
(4) were simulated with the pluto Monte Carlo gener-
ator [19]. A uniform population of the 3-body phase-
space has been assumed: neither any kind of angular
anisotropy has been implemented, nor any contribution
from an N⇤- or �-resonance coupling to the K⇤ � Y
pair considered. Afterwards, these events served as in-
put for the full-scale simulation procedure that includes
the propagation of particles in the detector (the geant3
code was employed), track reconstruction, etc. Finally,
the simulated data sample was analyzed in the same way
as the experimental one. All simulated curves shown in
Fig. 4 are normalized to the integral of the experimental
distribution. Furthermore, an optimal mixture of the two
channels has been determined by means of a �2-analysis,
delivering the value for the relative ⌃-channel contribu-
tion of 0.4± 0.2, where 0.2 is the dominating systematic
uncertainty determined by the variation of the experi-
mental cuts, as will be explained below. The resulting
mixed spectrum is shown in Fig. 4 as well. A contribution

of the 4-body channels (N⇡Y K⇤ final state) would pro-
duce an even softer pt-spectrum as compared to the one
generated by the ⌃-channel and, therefore, is completely
negligible in this analysis. Finally, we note that an analy-
sis of the missing mass to the K⇤p final state, potentially
more selective with respect to the ⇤- or ⌃-contributions,
is not feasible due to the limited statistics.
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FIG. 4. (Color online) Raw pt-spectrum of K⇤’s produced
in proton-proton reactions. Markers — experimental data
with statistical uncertainties, curves — expectations from the
channels (3), (4), and their mixture “0.6⇥ ⇤+ 0.4⇥ ⌃”.

As the constructed model (“0.6⇥⇤+0.4⇥⌃”) describes
the data very well, we can use it to correct the raw ex-
perimental yields. Due to the limited statistics of the
experimental data we perform a one-dimensional correc-
tion. The e�ciency and acceptance depend, thus, on one

o Can help to constrain unknown cross sections in transport models
o However, medium effects might change the situation substantially already in cold matter

• Tuned versions usually result in better agreement but do not remove principle model dependences.

o Provides access to exclusive channels (best  analyzed using PWA)
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FIG. 3. Color online. Missing mass distribution with re-
spect to the p, ⇡+ and ⇡� with a cut on the K0

S

mass in the
⇡+⇡�-invariant mass spectrum (Fig. 1). The gray histogram
corresponds to the sum of simulated contributions plus the
background defined by the sideband sample. The dotted and
dashed lines at 1100MeV/c2 and 1270MeV/c2 are used as
cuts in other variables.

As mentioned above, the selected data sample includes
combinatorial background from the K0

S

reconstruction.
But, it also contains contributions from reactions with
a non-strange final state. These reactions constitute the
main sources of background in the study presented here.
Some examples of the background-reactions are listed
in Table I. To evaluate the background contribution to
the MM(p,⇡+,⇡+,⇡�) and MM(p,⇡+,⇡�) distributions
(Figs. 2 and 3), a sideband analysis has been performed.
The sideband sample is defined by selecting regions of the
⇡+⇡�-invariant mass spectrum adjacent to the K0

S

peak.
The selection applied is shown in Fig. 1, where the side-
band intervals are indicated by the red (low mass, LM)
and green (high mass, HM) filled regions. These two sam-
ples include negligible contributions from the K0

S

signal.
Both the LM and HM intervals are chosen such to have
nearly the same integral. The data sample selected by
this method should be equivalent in terms of kinematic
distributions to the background below the K0

S

peak in the
⇡+⇡�-invariant mass that we want to emulate. As it is
visible in the missing mass spectrum of Fig. 3, the com-
parison of the experimental distribution to the incoherent
sum of the di↵erent simulated channels shows that no fi-
nal state including a reconstructed K0

S

contributes to the
region where MM(p,⇡+,⇡�) < 1100MeV/c2 (vertical
dotted line in Fig. 3). Hence, by selecting events which
fulfill the condition MM(p,⇡+,⇡�) < 1100MeV/c2, one
obtains a rather pure background sample which can be
used as a reference to cross check the kinematic variables
of the sideband samples (LM and HM) selected on the
⇡+⇡�-invariant mass spectrum. Fig. 4 shows the mo-

 (MeV/c)
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FIG. 4. Color online. Momentum distribution of the K0

S

background (full squares). Applied conditions are a 3� cut
around the K0

S

peak in the ⇡+⇡�-invariant mass distribution
(Fig. 1), and a cut on MM(p,⇡+,⇡�) < 1100 MeV/c2. Rela-
tive weights of low mass (full triangles) and high mass (open
triangles) sideband samples were fitted simultaneously to the
spectrum. The sum of both is shown in magenta as a gray
filled histogram.

mentum distribution of the ⇡+⇡�-pairs from the pure
background events extracted by the missing mass selec-
tion (full squares) together with the distribution for the
LM and HM samples (full and empty triangles respec-
tively). The distributions from the LM and HM samples
have been fitted simultaneously such that their sum (gray
area) reproduces the momentum spectrum of the pure
background events. This fit results in a �2/NDF = 2.32.
Fig. 5 shows the comparison of the momentum distri-
butions of the di↵erent background samples for di↵erent
bins of the laboratory polar angle ⇥

lab

. Obviously, the
LM and HM samples describe the kinematics of the K0

S

background properly, for example double di↵erentially in
the momentum and ⇥

lab

variables. Thus, the common
LM+HM sideband sample can be used to describe the
background in the whole kinematic range of the selected
data.

C. Simulation of the K0 production channels and
simultaneous fit of the experimental data

By looking at Fig. 2, one can clearly recognize the
peaks corresponding to the ⇤ and the ⌃0 mass, while
in Fig. 3 signals from ⌃+ and ⌃(1385)+ show up. How-
ever, the missing mass distributions do not only contain
background events, that can be described by the side-
band method, but also several other contributions from
K0 production channels that overlap. In order to evaluate
these di↵erent contributions an incoherent cocktail com-

HADES, arXiv:1505.06184v1 

𝑝 + 𝑝 → 𝑝+Λ+𝐾∗(862)
𝑝 + 𝑝 → 𝑝(𝑛) + ΣL(8) + 𝐾∗(862)

2

channel to the formation process is still discussed controver-
sially. Indeed phenomenological approaches different from
chiral-SU(3) predictions [3] support the hypothesis that the
Λ(1405) can be considered as a pure K−p quasi-bound state
and suggest experimental methods to test this Ansatz. In gen-
eral, models can be constrained above the K̄−N threshold
by K−p scattering data and by the measurements of the Kp,
Kn scattering lengths extracted from kaonic atoms as shown
in [4, 5]. Below threshold, the only experimental observable
related to the K̄−N interaction is the Λ(1405) spectral shape
extracted from the decays Λ(1405) ≈100%

−−−−→ (πΣ)0. The au-
thors of reference [6] predict for the Λ(1405) in the reac-
tion γ + p → Λ(1405) + K0 that the spectral functions of the
three final states Σ−π+/Σ0π0/Σ+π− should differ because
of the interference of the isospin 0 and 1 channels. In fact, the
measured invariant mass distributions of the Σπ states have
different shapes [7], which also vary as a function of the pho-
ton energy, but the observed shifts of the distributions are not
compatible with the theoretical predictions.
Furthermore, the approach [8] predicts that the coupling

of the Λ(1405) resonance to the quasi-bound K̄−N state
and the Σπ pole depends on the initial state configuration.
The observed line shape and pole position of the Λ(1405)
is expected to vary for different reactions. Data exploiting
pion [9] and kaon [10] beams are scarce, and the reaction
p + p → p + Λ(1405)(→ Σ0 + π0) + K+ has been studied
hitherto only by the ANKE experiment [11] at a beam mo-
mentum of 3.65GeV/c.
Based on the analysis of the reaction

p + p → p + K+ + (Σ+ π)0 at 3.5 GeV kinetic beam
energy, measured by HADES [12], we present the first data
on the decay of the Λ(1405) resonance into the Σ±π∓ final
states. The spectral shapes, the polar production angle, and
the production cross-section of the Λ(1405) are discussed.

II. ANALYSIS

A. Signal extraction

The properties of the Λ(1405) resonance are studied in the
associated production together with a proton and a K+ fol-
lowed by the decay into Σ± + π∓ pairs, where a branching
ratio of 33.3% for each decay channel is assumed:

p+ p
3.5GeV
−−−−−→ Λ(1405) +K+ + p (1)

Σ± + π∓

π± + n.

The assumption about the branching ratios of the Λ(1405)
decays is motivated by the consideration of isospin sym-
metries [13] and does not take into account the interference
between the two isospins states 1 and 0. For an exclusive
analysis, all charged particles (p, K+, π+, π−) in the final
state have been identified employing the momentum de-
pendent dE/dx and velocity information [14]. The neutron
appearing in the reaction (1) has been reconstructed via the
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FIG. 1. (Color online) Missing mass MM(p,K+) distributions for
events attributed to theΣ+π− decay channel a) and to theΣ−π+ de-
cay channel b). Panel c): sum of both spectra from panels a) and b).
The gray dashed histogram shows the sum of all simulated channels
if the Λ(1405) is simulated with its nominal mass of 1405MeV/c2.
Colored histograms in the three panels indicate the contributions of
the channels (1-5) obtained from simulations. Data and simulations
are acceptance and efficiency corrected. The gray boxes indicate sys-
tematic errors.

missing mass to the four charged particles p, π±, π∓, K+

and has been selected via a 2.4 σ cut around the nominal
neutron mass (see Fig.1 in [15]). The intermediate Σ+ and
Σ− hyperons have been reconstructed via the missing mass
to the proton, the K+ and either the π− or the π+ (see
Fig. 4 in [15]). 3 σ mass cuts around the nominal masses
of the Σ+ and Σ− hyperons allow to extract the Λ(1405)
signal corresponding to the two decay modes into Σ+π−

𝑝 + 𝑝 → 𝑌 + 𝑝(𝑅)	+ 𝐾L

Analyses by TUM group

HADES, arXiv:1208.0205v2 

HADES, arXiv:1208.0205v2 
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channel to the formation process is still discussed controver-
sially. Indeed phenomenological approaches different from
chiral-SU(3) predictions [3] support the hypothesis that the
Λ(1405) can be considered as a pure K−p quasi-bound state
and suggest experimental methods to test this Ansatz. In gen-
eral, models can be constrained above the K̄−N threshold
by K−p scattering data and by the measurements of the Kp,
Kn scattering lengths extracted from kaonic atoms as shown
in [4, 5]. Below threshold, the only experimental observable
related to the K̄−N interaction is the Λ(1405) spectral shape
extracted from the decays Λ(1405) ≈100%

−−−−→ (πΣ)0. The au-
thors of reference [6] predict for the Λ(1405) in the reac-
tion γ + p → Λ(1405) + K0 that the spectral functions of the
three final states Σ−π+/Σ0π0/Σ+π− should differ because
of the interference of the isospin 0 and 1 channels. In fact, the
measured invariant mass distributions of the Σπ states have
different shapes [7], which also vary as a function of the pho-
ton energy, but the observed shifts of the distributions are not
compatible with the theoretical predictions.
Furthermore, the approach [8] predicts that the coupling

of the Λ(1405) resonance to the quasi-bound K̄−N state
and the Σπ pole depends on the initial state configuration.
The observed line shape and pole position of the Λ(1405)
is expected to vary for different reactions. Data exploiting
pion [9] and kaon [10] beams are scarce, and the reaction
p + p → p + Λ(1405)(→ Σ0 + π0) + K+ has been studied
hitherto only by the ANKE experiment [11] at a beam mo-
mentum of 3.65GeV/c.
Based on the analysis of the reaction

p + p → p + K+ + (Σ+ π)0 at 3.5 GeV kinetic beam
energy, measured by HADES [12], we present the first data
on the decay of the Λ(1405) resonance into the Σ±π∓ final
states. The spectral shapes, the polar production angle, and
the production cross-section of the Λ(1405) are discussed.

II. ANALYSIS

A. Signal extraction

The properties of the Λ(1405) resonance are studied in the
associated production together with a proton and a K+ fol-
lowed by the decay into Σ± + π∓ pairs, where a branching
ratio of 33.3% for each decay channel is assumed:

p+ p
3.5GeV
−−−−−→ Λ(1405) +K+ + p (1)

Σ± + π∓

π± + n.

The assumption about the branching ratios of the Λ(1405)
decays is motivated by the consideration of isospin sym-
metries [13] and does not take into account the interference
between the two isospins states 1 and 0. For an exclusive
analysis, all charged particles (p, K+, π+, π−) in the final
state have been identified employing the momentum de-
pendent dE/dx and velocity information [14]. The neutron
appearing in the reaction (1) has been reconstructed via the
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events attributed to theΣ+π− decay channel a) and to theΣ−π+ de-
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The gray dashed histogram shows the sum of all simulated channels
if the Λ(1405) is simulated with its nominal mass of 1405MeV/c2.
Colored histograms in the three panels indicate the contributions of
the channels (1-5) obtained from simulations. Data and simulations
are acceptance and efficiency corrected. The gray boxes indicate sys-
tematic errors.

missing mass to the four charged particles p, π±, π∓, K+

and has been selected via a 2.4 σ cut around the nominal
neutron mass (see Fig.1 in [15]). The intermediate Σ+ and
Σ− hyperons have been reconstructed via the missing mass
to the proton, the K+ and either the π− or the π+ (see
Fig. 4 in [15]). 3 σ mass cuts around the nominal masses
of the Σ+ and Σ− hyperons allow to extract the Λ(1405)
signal corresponding to the two decay modes into Σ+π−
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e+e- Pairs from pp and np Reactions – the DLS puzzle 
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o HADES has measured inclusive di-electron spectra in elementary collision to provide a 
reference

o Remarkable iso-spin dependence found at 1.25 GeV beyond trivial effects  (dipole)

HADES collaboration  (PLB 690, 2010)  
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Theoretical Interpretations of the "Isospin Effect"

o One-boson exchange including radiation 
from the internal line yields enhanced 
emission at high invariant masses.

o Can be viewed as off-shell (cloud cloud) 
p p collision!
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FIG. 1: (Color Online) Graphs for the e+e− production via ρ0

channel π+π− production in pn collisions. Top: production
via t-channel ∆∆ excitation leading to pn (left) and deuteron
(right) final states. Bottom: production via s-channel d∗ for-
mation and its subsequent decay into the ∆∆ system.

momentum-dependent transition amplitude in eq. (17)
resulting in the solid curve. The enhanced yield of the
e+e− spectrum relative to the scaled π+π− spectrum at
low masses is due to the fact that – in addition to the in-
verse power dependence on the invariant mass – the pion
pair is in relative p-wave and therefore suppressed near
threshold, whereas the e+e− pair is in relative s-wave
and hence not suppressed. The resulting integral cross
section for the process pn → e+e−X is 72 nb, which is
about a factor of four larger than that from the crude
estimate.

Since the HADES detector has limited acceptance, this
has to be taken into account for comparison with the
HADES data. The dashed curve exhibits the final e+e−

production resulting from ρ0-channel π+π− production
in pn collisions within the HADES acceptance.

All other conventional processes due to π0, η and ∆
Dalitz decays and bremsstrahlung – mentioned in the in-
troduction – were simulated using the PLUTO generator
[27] and filtered with HADES efficiency-acceptance fil-
ters. [34] They are shown in Fig. 2, bottom in comparison
with the HADES data for pn initiated e+e− production
at Tp = 1.25 GeV. The sum of these processes resulting
from Dalitz decays is denoted by the dotted curve. It
provides a quantitative description of the data in the re-
gion of the π0 peak, i.e. for Me+e− < 0.15 GeV. Above,
the sum curve under-predicts the data increasingly with
increasing Me+e− values. However, if we add the e+e−

production resulting from ρ0-channel π+π− production
(dashed curve both in top and bottom parts of Fig. 2) we
obtain a nearly perfect description of the HADES data.

There appears still a slightly underestimated region in
the range 0.15 GeV < Me+e− < 0.3 GeV. It possibly
might be related to direct d∗ decay pn → d∗ → de+e− or
pn → d∗ → [pn]I=0e+e− as suggested in Ref. [5]. How-
ever, since we know neither shape nor strength of such a
d∗ form-factor in this channel, we cannot estimate such a
contribution reliably. In addition, also the PLUTO gen-
erated processes have theoretical uncertainties, which are
in the order of the deviation in question. Since we base
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FIG. 2: (Color online) Distribution of the invariant mass
Me+e− produced in pn collisions at Tp = 1.25 GeV. Top:
e+e− production from ρ0 decay resulting from the ∆∆ excita-
tion via on-shell π+π− production according to process (16).
The drawn curves denote the [π+π−]I=J=1 spectrum scaled
by the e+e− branching ratio at the pole of ρ0 (blue dotted),
the resulting e+e− spectrum using the proper momentum de-
pendent branching ratio (red solid) and the resulting e+e−

spectrum within the HADES acceptance (cyan dashed). Bot-
tom: Full e+e− production. The open circles give the HADES
result [2]. Thin solid lines denote calculations for e+e− pro-
duction originating from π0 production and bremsstrahlung
(black), single ∆ (red) and η (green) production with sub-
sequent Dalitz decay. The dotted curve denotes the sum of
these processes. The dashed (cyan) curve gives the contribu-
tion from the ρ0-channel π+π− production and the thick solid
line the sum of all these processes.

here the dilepton production due to ρ0 channel π+π− pro-
duction on experimental results for the relevant two-pion
production channels, we consider here only the on-shell
situation. However, because the two-lepton threshold is
much lower than the two-pion threshold also dilepton
production via virtual ρ0 formation in the intermediate
state will contribute. Taking this into account removes
the cut in the e+e− spectrum at the π+π− threshold and
replaces it by a smooth continuation as depicted, e.g.,
in Fig. 3 of Ref. [4]. Hence accounting for this will fill
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FIG. 3: [color online] (a) and (b) show the same reactions as in Figs. 2(a) and 2(b) but with elec-

tromagnetic form factors included at pion and nucleon vertices. Also shown are the contributions

of meson Dalitz decays and subthreshold ρ0 decay processes. Total QM cross sections obtained

with (FF2) and without (NEFF) electromagnetic form factors are shown by dashed and dashed-

dotted lines, respectively. The simple sum of the meson Dalitz decays, ρ0 decay and full quantum

mechanical (with FF2 form factors) cross sections are shown by the full line. The data are taken

from the Ref. [19].

In Fig. 3(b), we show the total QM cross sections obtained without (NEFF) and with

(FF2) electromagnetic form factor of FF2 type for the quasifree pn → pne+e− reaction

(where Fig. 1c also contributes) at the beam energy of 1.25 GeV. We have not shown

explicitly the cross sections obtained with FF1 type of PEFF in order not to overcrowd the

figure - they lie between the NEFF and FF2 results. The larger cross sections obtained

with FF2 form factors as compared to those with FF1 can be traced back to the fact that

in the timelike region the former is significantly larger than the latter [38, 39]. We note

that with FF2 type of PEFF, the QM cross sections are significantly enhanced for M > 0.3

GeV/c2 and are larger than η and ρ0 decay contribution by almost an order of magnitude at

larger values of M . The η Dalitz decay contributions drop off strongly for M beyond 0.50

GeV/c2 due to phase space restrictions. In this region the ρ0 decay cross sections become

9

R. Shyam, U. Mosel [arXiv:1003.3343] M. Bashkanov, H. Clement [arXiv:1312.2810 ] 
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Dileptons From Au+Au Collisions (1.23A GeV)
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• Strong contribution from the medium, 
almost exponential distribution

• Driven by in-medium 𝜌 decay.

Au+Au

Ar+KCl

Preliminary
AuAu Preliminary
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Exclusive reconstruction of  pN➛Ne+e- reactions

o p- momentum tuned to second resonance region ( 0.7 Gev/c )
o Resonance decomposition of 2-p channel from PWA (Bonn-Gatchina)
o No further normalization for "predicted" dielectron yield
o Provides axcess to time-like transition formafactors of baryons. 

s
(M

) [
m

b]

Mee [GeV/c2]

𝝆àe+e−
(VMD: ~𝟏/𝑴𝟑 )

(PWA)𝝆à𝝅+𝝅−
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The role of virtual pions in dilepton production

o three different collision systems, three surprises but likely the same underlying mechanism
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FIG. 3: [color online] (a) and (b) show the same reactions as in Figs. 2(a) and 2(b) but with elec-

tromagnetic form factors included at pion and nucleon vertices. Also shown are the contributions

of meson Dalitz decays and subthreshold ρ0 decay processes. Total QM cross sections obtained

with (FF2) and without (NEFF) electromagnetic form factors are shown by dashed and dashed-

dotted lines, respectively. The simple sum of the meson Dalitz decays, ρ0 decay and full quantum

mechanical (with FF2 form factors) cross sections are shown by the full line. The data are taken

from the Ref. [19].

In Fig. 3(b), we show the total QM cross sections obtained without (NEFF) and with

(FF2) electromagnetic form factor of FF2 type for the quasifree pn → pne+e− reaction

(where Fig. 1c also contributes) at the beam energy of 1.25 GeV. We have not shown

explicitly the cross sections obtained with FF1 type of PEFF in order not to overcrowd the

figure - they lie between the NEFF and FF2 results. The larger cross sections obtained

with FF2 form factors as compared to those with FF1 can be traced back to the fact that

in the timelike region the former is significantly larger than the latter [38, 39]. We note

that with FF2 type of PEFF, the QM cross sections are significantly enhanced for M > 0.3

GeV/c2 and are larger than η and ρ0 decay contribution by almost an order of magnitude at

larger values of M . The η Dalitz decay contributions drop off strongly for M beyond 0.50

GeV/c2 due to phase space restrictions. In this region the ρ0 decay cross sections become
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Inclusive dielectrons from p+p collisions @ 3.5 GeV

o GiBUU calculation with intermediate r mesons 
R  ➛ Nr➛N e+e-

o Resonance population from "educated guess"

o Inclusive dielectron spectrum
o Dalitz decays strongly suppressed 
o pure QED from factor for R-decays
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 = 3.5 GeVkinE

#  Supported by GiBUU (Janus Weil) 

"  large contributions from 
several Ν� and  Δ� resonances 

INCLUSIVE DILEPTON PRODUCTION 

R 

N 

γ* 
e+ 

e- 

ρ 

J. Weil et al., Eur. Phys. J. A 48 (2012) 111 

HADES data. Modelling by
J. Weil et al., Eur. Phys. J. A 48 (2012) 111

HADES: Eur. Phys. J. A (2014) 50: 82
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e+e- Pairs from p+p and p+Nb reactions 
(HADES, 3.5 GeV/c) 

p+p:
extraction of inclusive cross 
sections by fitting 
conventional sources to the 
experimental spectrum:

πo: 17 ± 2.7 ± 1 mb
Δ: 7.5 ± 1.7 mb
η: 1.14 ± 0.2 mb
ω: 0.273 ± 0.07 mb
ρ: 0.223 ± 0.06 mb

p+Nb:
ω production suppressed for 
momenta p < 800 MeV/c
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pe+e- > 0.8 GeV/c

pe+e- < 0.8 GeV/c 



future
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HADES FAIR Phase-0 Preparation
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Detector upgrades
• ECAL (PSP 1.1.2.4)

• RICH-700 (synergy with CBM – UV detector)

• FW-Tracker (synergy with PANDA – straws)

• FW-RPC (detector elements mostly existing)

• MDC-FEE (PSP 1.1.2.4, 1.1.2.5)

• FW-Wall (synergy with CBM – PSD)

• START (synergy with CBM – t0 detector)

Up to 50 kHz interaction rate, improved electron-id, 
detection of photons, large acceptance for exclusive 
processes.

Planned physics runs (2018-2022)
• we anticipate three long runs, i.e.:

o 𝜋+(CH2)n/LH2:  baryon electromagnetic 
transition form factors, baryonic resonances with 
strangeness.

o p+A/p+p: strangeness/vector mesons in 
medium. Hyperon spectroscopy.  

o A+A: medium system size at maximal energy, 
multi-strange baryons, dileptons.

sc-CVD diamond start detector

MAPMT based 
RICH UV detector

ECAL based on OPAL lead glass 

Secondary pion beam in combination with 
dilepton spectrometer is world-wide unique!
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The HADES collaboration
LIP-Laboratório de Instrumentação e Física Experimental de Partículas , 3004-516 Coimbra, Portugal
Smoluchowski Institute of Physics, Jagiellonian University of Cracow, 30-059 Kraków, Poland
GSI Helmholtzzentrum für Schwerionenforschunm, 64291 Darmstadt, Germany
Institut für Strahlenphysik, Forschungszentrum Dresden-Rossendorf, 01314 Dresden, Germany
Joint Institute of Nuclear Research, 141980 Dubna, Russia
Institut für Kernphysik, Johann Wolfgang Goethe-Universität, 60438 Frankfurt, Germany
II.Physikalisches Institut, Justus Liebig Universität Giessen, 35392 Giessen, Germany
Institute for Nuclear Research, Russian Academy of Science, 117312 Moscow, Russia
Physik Department E12 & Excellence Cluster Universe, TUM, 85748 München, Germany
Department of Physics, University of Cyprus, 1678 Nicosia, Cyprus
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• HADES has collected high-statistics data on A+A and elementary collisions, including exclusive 
channels.

• Au+Au data mark the “lowest-energy” point of the beam-energy scan to explore the QCD phase 
diagram  

• Interesting observations in sub-threshold strangeness production.

• particle production in agreement with SHM

• unexpected yield of cascade

• Next at FAIR Phase-0 @ SIS18: 

• 3-4 years running with yet improved spectrometer performance

• heavy collision systems and pion induced reactions. 
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